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SUMMARY 
The unfolded state has attracted increasing attention due to growing evidence for its 
importance for the regulation, function, stability, and folding of proteins. The analysis of the 
unfolded state has been hampered by its properties, as it comprises a distribution of rapidly 
interconverting configurations rarely populated under physiologically relevant conditions. In 
this work, two strategies are used to meet the demands of investigating unfolded proteins: in 
single molecule fluorescence spectroscopy, the unfolded state can be monitored in the 
presence of the folded state. In kinetic experiments, the unfolded state can be populated 
transiently and analyzed in the conditions of interest prior to the start of the refolding reaction. 
The presented experiments are used to investigate the properties of the unfolded state 
of the cold shock protein (Csp) from Thermotoga maritima under near-physiological 
conditions, where unfolded Csp has previously been shown to collapse. To understand the 
implications for the folding process, a more detailed picture of the structure of the collapsed 
unfolded state is needed. To this end, different variants of Csp were produced and labeled to 
measure internal Förster resonance energy transfer (FRET) in different parts of the protein. 
With single molecule FRET spectroscopy, it could be shown that the distance distributions of 
all variants agree very well with a Gaussian chain model not only in the presence of high 
concentrations of denaturants, but also in the collapsed state in near-physiological conditions. 
This observation suggests that there is no preferential collapse of one part of the chain, but 
that the compaction is rather uniform for the entire polypeptide. 
To quantify the secondary structure content in the unfolded state, a microfluidic 
mixing system was developed, making it possible to perform kinetic experiments with 
synchrotron radiation circular dichroism (SRCD) spectroscopy. This mixing device in 
combination with SRCD allows the wavelength range to be extended down to 205 nm, and 
the dead time to about 200 s, making it possible to monitor the secondary structure content 
during kinetic experiments at wavelengths and with a time resolution that are inaccessible 
with conventional stopped-flow techniques. The performance of the mixer was demonstrated 
by measuring the folding kinetics of cytochrome c, which showed good agreement with 
previously published results. Measurements of Csp indicated -structure content in the 
collapsed unfolded state of about 20% compared with its folded state. Such secondary 
structure could have significant influence on the subsequent folding process. This result, 
together with the findings from the single molecule measurements, is an interesting 
contribution to the reconciliation problem, i.e. how the observations of random coil behavior 
from global properties such as the radius of gyration can be reconciled with findings of 
residual structure in unfolded molecules. Obviously, the existence of secondary structure does 
not have to affect the overall distance properties of unfolded chains, also under near-
physiological conditions. A possible explanation is that the structured elements are rather 
short in sequence and/or only transiently populated, thus not affecting the overall distance 
distribution significantly. 
The structure in unfolded proteins is directly connected to the proteins‟ dynamic 
behavior, since the formation of structure requires the encounter of different parts of the 
chain. The dynamic properties are thus of great interest, because they determine the time in 
which a protein can sample its conformational space and are therefore crucial for 
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understanding both the unfolded state and the folding process. To this end, fluorescence 
intensity correlation functions for the unfolded subpopulations were measured in the presence 
of folded molecules with sub-nanosecond time resolution. The dead times of single detectors 
could be avoided by using a Hanbury Brown and Twiss detection scheme. The analysis of the 
photon statistics revealed the global reconfiguration time of the polypeptide chain that is 
about 50 ns for highly denatured Csp and increases with decreasing GdmCl concentrations. 
As the intrachain distances are available from FRET analysis, the relative diffusion coefficient 
D of the chain ends can also be calculated. It could be shown that D decreases concomitant 
with chain collapse under near-physiological conditions. A decrease of D can be interpreted 
as an increase of intramolecular interactions due to changes in the packing and interaction of 
the polypeptide backbone and side chains. An example for those interactions could be the 
formation of secondary structure, as observed in the SRCD experiments. The end-to-end 
diffusion coefficients of Csp agree very well with results from short unstructured peptides, 
indicating the absence of strong and specific interactions and correspondingly large energy 
barriers in the collapsed unfolded state of Csp. Measurements of the Csp variants with 
different intramolecular distances showed a decrease of D with decreasing separation within 
the sequence, which might result from a viscous drag of the tail segment. 
The significant change of both structural and dynamical properties of unfolded Csp 
between highly denaturing and near-physiological conditions shows the importance of using 
single molecule spectroscopy and kinetic experiments to study unfolded proteins. To benefit 
from the advantages of both techniques, a microfluidic mixer was developed to combine the 
resolution of single molecule spectroscopy with the capability to populate states out of 
equilibrium with kinetic measurements. The continuous mixer design decouples the reaction 
process from the measurement time, enabling measurements for extended periods of times, as 
required for single molecule detection. Refolding experiments of Csp could be performed 
with a dead time of about 5 ms and the folding rate was in good agreement with ensemble 
stopped-flow data. In addition, the system can be used to analyze non-equilibrium states and 
to monitor complex kinetic processes with the growing set of observables available from 
single molecule measurements. 
Correlation analysis can give important insights into chain dynamics on the 
nanosecond timescale, but processes such as triplet state decay or translational diffusion 
contribute to the correlation signal on longer timescales, thus hampering the analysis of 
slower dynamical processes. Additionally, structural heterogeneity within subpopulations is 
often difficult to access with single molecule spectroscopy, as the transfer efficiency peak 
representing a subpopulation is already broadened by shot noise. In order to investigate both 
structural heterogeneity and slower dynamical processes, a new analysis method was 
developed, which uses the information of freely diffusing molecules detected a second time, 
i.e. after they recur to the confocal volume after a first passage. Recurrence analysis of single 
particles (RASP) can extend the time window available for single molecules in diffusion by 
more than a factor of ten. The additional information can be employed to extract shot noise-
broadened peak shapes and positions, even when subpopulations strongly overlap or when 
they are only marginally populated. The knowledge of the shot noise width allows the 
identification of heterogeneity that contributes to peak widths within one subpopulation. 
Interconversion between subpopulations can be monitored and the corresponding rates can be 
determined if the process occurs on time scales between hundreds of microseconds and tens 
of milliseconds. RASP was used to directly observe structural heterogeneity of proline 
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peptides in aqueous buffer and of the unfolded state of Csp in ethylene glycol, with 
subspecies interconverting on the tens of millisecond timescale and slower. The folding rates 
of spectrin R15 and the B domain of protein A at equilibrium could be determined in good 
agreement with stopped-flow and temperature jump data, respectively, showing the potential 
of RASP to provide quantitative information. 
Taken together, this work sheds new light on the structural and dynamical properties 
of unfolded Csp, especially under the most interesting conditions where the protein is mostly 
native. To this end, several new techniques were introduced to obtain more detailed 
information on subpopulations in heterogeneous systems. The range of conditions accessible 
for the analysis of the unfolded state could be extended by using microfluidic mixing, both 
with CD at lower wavelengths and with single molecule FRET. The window to monitor 
dynamic processes could be extended to very short times (picoseconds timescale) by 
correlation analysis. For single molecule spectroscopy in diffusion, RASP was introduced as a 
simple but very effective approach to detect structural heterogeneity in subpopulations and to 
study dynamical processes in the time range between hundreds of microseconds and tens of 
milliseconds. 
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ZUSAMMENFASSUNG 
Der entfaltete Zustand gewinnt zunehmend an Aufmerksamkeit aufgrund der steigenden Zahl 
von Belegen für dessen Bedeutung für die Regulation, Funktion, Stabilität und Faltung von 
Proteinen. Die Untersuchung des entfalteten Zustandes wird erschwert durch dessen 
besondere Eigenschaften; so ist er durch eine Verteilung von schnell fluktuierenden 
Konfigurationen charakterisiert, die unter physiologischen Bedingungen nur schwach 
populiert sind. In der vorliegenden  Arbeit werden zwei Strategien verwendet, um die 
speziellen Anforderungen der Untersuchung von entfalteten Proteinen zu erfüllen: Mit 
Einzelmolekülfluoreszenzspektroskopie kann der entfaltete Zustand auch in Anwesenheit des 
gefalteten Zustandes untersucht werden. Mit kinetischen Experimenten kann der entfaltete 
Zustand transient in interessanten Lösungsbedingungen populiert und untersucht werden, 
bevor die Rückfaltung startet. 
In den hier vorgestellten Experimenten werden die Eigenschaften des entfalteten 
Zustandes des Kälteschockproteins (cold shock protein, Csp) aus Thermotoga maritima in der 
Nähe physiologischer Bedingungen untersucht, wo in vorangegangenen Studien ein Kollaps 
des entfalteten Csps nachgewiesen werden konnte. Um die Auswirkungen auf den 
Faltungsprozess verstehen zu können, ist ein detailliertes Bild der kollabierten Struktur von 
großem Interesse. Zu diesem Zweck wurden verschiedene Varianten von Csp hergestellt und 
mit Fluoreszenzfarbstoffen markiert, um Förster Resonanzenergietransfer nach Förster 
(FRET) in verschiedenen Bereichen innerhalb der Proteinmoleküle messen zu können. Mittels 
Einzelmolekül-FRET-Spektroskopie konnte nachgewiesen werden, dass die Abstände aller 
Varianten sehr gut mit dem Gaußschen Kettenmodel übereinstimmen, sowohl in Anwesenheit 
von hohen GdmCl-Konzentrationen als auch in der Nähe physiologischer Bedingungen. Diese 
Beobachtungen lassen vermuten, dass es keinen bevorzugten Kollaps in bestimmten 
Kettensegmenten gibt, sondern dass die Kompaktierung gleichmäßig über die gesamte 
Polypeptidkette stattfindet. 
Um den Anteil der Sekundärstruktur im entfalteten Zustand messen zu können, wurde 
ein Mikrofluidik-Mischsystem entwickelt, welches es ermöglicht, kinetische Experimente mit 
Synchrotronstrahlungs- Circulardichroismus (synchrotron radiation circular dichroism, 
SRCD) durchführen zu können. In Kombination mit SRCD erweitert diese Mischapparatur 
den zugänglichen Wellenlängenbereich bis auf 205 nm bei einer Totzeit von ca. 200 s. 
Damit kann der Sekundärstrukturgehalt in kinetischen Experimenten untersucht werden, bei 
Wellenlängen und mit einer Zeitauflösung, die mit kommerziellen stopped-flow-Geräten nicht 
zugänglich sind. Die Leistung des Mischapparates konnte mit Messungen der Faltungskinetik 
von Cytochrom C gezeigt werden, welche eine gute Übereinstimmung mit bereits 
veröffentlichten Daten zeigten. Messungen von Csp ergaben einen -Strukturgehalt von 20% 
verglichen mit dem gefalteten Zustand. Diese Sekundärstuktur kann einen signifikanten 
Einfluss auf den folgenden Faltunsgprozess haben. Im Zusammenhang mit den Ergebnissen 
der Einzelmolekülmessungen sind diese Ergebnisse ein interessanter Beitrag zum 
reconciliation problem („Vereinbarungsproblem“), das heisst zu der Frage, wie die 
Beobachtungen von globalen Eigenschaften, die denen eines random coils (einer 
Irrflugskette) entsprechen, zu vereinbaren sind mit Nachweisen von Reststruktur in entfalteten 
Proteinen. Offensichtlich muss die Anwesenheit von Sekundärstruktur nicht die globalen 
Abstandsverteilungen von entfalteten Proteinen beeinflussen, nicht einmal in der Nähe 
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physiologischer Bedingungen. Eine mögliche Erklärung hierfür ist, dass die Strukturelemente 
eher kurze Kettenabschnitte umfassen und/oder nur sehr kurzlebig sind und daher die globale 
Abstandsverteilung nicht signifikant beeinflussen. 
Die Struktur von entfalteten Proteinen ist eng mit ihren dynamischen Eigenschaften 
verknüpft, da die Bildung von strukturellen Elementen das Zusammentreffen von 
verschiedenen Teilen der Kette bedingt. Die dynamischen Eigenschaften legen die Zeit fest, 
in der ein Protein seinen Konfigurationsraum austesten kann und sind somit essential für das 
Verständnis von entfalteten Proteinen und des Faltungsprozesses. Zu diesem Zweck wurden 
Fluoreszenzkorrelationsfunktionen in Anwesenheit von gefalteten Molekülen mit einer 
Zeitauflösungen von unter einer Nanosekunde gemessen. Die Totzeiten der einzelnen 
Detektoren konnten mittels eines Hanbury Brown und Twiss Aufbaus umgangen werden. Die 
Analyse der Photonenstatistik ergab eine globale Rekonfigurationszeit der entfalteten 
Polypeptidkette von ca. 50 ns für stark denaturierte Proteine, die mit Abnahme der GdmCl 
Konzentration ansteigt. Da die intramolekularen Abstände aus der Analyse der 
Transfereffizienten verfügbar sind, konnte der relative Diffusionskoeffizient D der 
kettenenden ebenfalls ermittelt werden. Es konnte gezeigt werden, dass D mit zunehmender 
Kettenkompaktierung nahe physiologischer Bedingungen abnimmt. Diese Abnahme kann mit 
einer Zunahme von intramolekularen Wechselwirkungen aufgrund von Veränderungen der 
Dichte und Interaktionen des Polypeptid-Rückgrats sowie der Seitenketten interpretiert 
werden. Ein Beispiel solcher Interaktionen könnte die Bildung von Sekundärstruktur sein, wie 
sie in den SRCD-Experimenten nachgewiesen wurde. Die intramolekularen 
Diffusionskoeffizienten von Csp stimmen sehr gut mit denjenigen von kurzen, 
unstrukturierten Peptiden überein, was auf die Abwesenheit von starken und spezifischen 
Wechselwirkungen schließen lässt und damit verbundenen größeren Energiebarrieren im 
kollabierten entfalteten Zustand von Csp. Messungen der verschiedenen Csp Varianten mit 
unterschiedlichen intramolekularen Abständen ergaben eine Abnahme von D mit 
abnehmendem Abstand innerhalb der Kette, welche möglicherweise von einem viskosen 
Widerstand des überhängenden Kettenabschnitts verursacht wird. 
Die deutlichen Änderungen der strukturellen und dynamischen Eigenschaften von 
entfaltetem Csp zwischen stark denaturierenden und annähernd physiologischen Bedingungen 
verdeutlichen, wie wichtig Einzelmolekülspektroskopie und kinetische Experimente für die 
Untersuchung entfalteter Proteine sind. Um von den Vorteilen beider Methoden zu profitieren 
wurde ein Mikrofluidik-System entwickelt, mit deren Hilfe Einzelmolekülmessungen in 
nicht-Gleichgewichtsexperimenten durchgeführt werden können. Durch die kontinuierliche 
Mischanordnung können längere Messungen zu bestimmten Zeiten der Reaktion durchgeführt 
werden, wie sie für Einzelmolekül Experimente benötigt werden. Rückfaltungsexperimente 
mit Csp wurden mit einer Totzeit von ca. 5 ms gemessen und stimmen gut mit Stopped-Flow 
Ergebnissen im Ensemble überein. Insgesamt kann das System eingesetzt werden, um 
Zustände unter destabilisierenden Bedingungen zu messen oder um kinetische Prozesse zu 
verfolgen mit den diversen Parametern, die durch Einzelmolekülspektroskopie bestimmbar 
sind. 
Fluoreszenzkorrelationsexperimente ermöglichen wichtige Einblicke in die 
Kettendynamik auf der Nanosekunden-Zeitskala; schwieriger ist allerdings die Untersuchung 
langsamerer dynamischer Prozesse, da z.B. der Zerfall des Triplettzustandes der Farbstoffe 
und die Translationsdiffusion der Moleküle das Signal der Fluoreszenzkorrelation 
dominieren. Die Heterogenität innerhalb von Subpopulationen ist schwierig zu untersuchen, 
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da die Transfereffizienzverteilungen, die einer Subpopulation entsprechen, bereits durch 
Schrotrauschen verbreitert werden. Um sowohl die strukturelle Heterogenität als auch 
langsamere dynamische Prozesse untersuchen zu können, wurde eine neue Analysemethode 
entwickelt, die die Information von Molekülen ausnutzt, die nach ihrer ersten Detektion ein 
weiteres Mal detektiert werden. Diese Analyse wiederkehrender Moleküle (Recurrence 
Analysis of Single Particles, RASP) erweitert das Zeitfenster, in dem einzelne Moleküle 
untersucht werden können, um eine Größenordnung. Die zusätzliche Information kann 
verwendet werden, um die genauen Schrotrausch-bedingten Peakformen und -positionen zu 
ermitteln, selbst wenn die Subpopulationen stark überlappen oder nur gering populiert 
werden. Mit Kenntnis der Schrotrausch-bedingten Breite kann Heterogenität innerhalb der 
Subpopulationen identifiziert werden, die ebenfalls zur Verbreiterung der Peaks beitragen 
kann. Umwandlungen zwischen den Subpopulationen können beobachtet und die zugehörigen 
Reaktionsraten bestimmt werden, sofern die entsprechenden Zeitkonstanten zwischen ca. 
100 s und 20 ms liegen. RASP wurde erfolgreich eingesetzt, um strukturelle Heterogenität 
von Polyprolinpeptiden in wässrigem Puffer und von ungefaltetem Csp in Ethylenglykol zu 
charakterisieren, wobei die Subspezies sich mit Raten von 100 s
-1
 (Csp) und langsamer 
(Prolin-Peptide) ineinander umwandeln. Die Faltungsrate von Spektrin R15 und der B 
Domäne von Protein A konnten im Gleichgewicht bestimmt werden und stimmen gut mit 
Stopped-Flow Daten bzw. Temperatursprungdaten überein. Dies zeigt, dass RASP auch 
quantitative Ergebnisse liefern kann. 
Insgesamt ermöglicht die vorliegende Arbeit neue Einsichten in die strukturellen und 
dynamischen Eigenschaften von entfalteten Csp, insbesondere unter Bedingungen wo das 
Protein hauptsächlich in seiner nativen Form vorliegt. Dazu wurden mehrere Methoden 
entwickelt, um neue Information über Subpopulationen in heterogenen Gemischen zu 
erhalten. Der zur Verfügung stehende Zeitbereich, um entfaltete Zustände zu untersuchen, 
konnte durch Mikrofluidik-Mischsysteme erweitert werden, sowohl für CD-Messungen in 
niedrigeren Wellenlängenbereichen als auch für Einzelmolekül-Messungen. Der zur 
Verfügung stehende Zeitbereich, um dynamische Prozesse mittels 
Fluoreszenzkorrelationsspektroskopie zu untersuchen, konnte auf den Picosekunden-Bereich 
ausgedehnt werden. RASP wurde als einfache, aber doch sehr effiziente Methode eingeführt, 
um strukturelle Heterogenität in Subpopulationen zu charakterisieren sowie dynamische 
Prozesse in der Größenordnung zwischen 100 s und 10 ms zu untersuchen. 
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I. Introduction 
2 
1.1 UNFOLDED STATES OF PROTEINS 
Proteins take part in the vast majority of processes in living organisms. In a classical view, a 
protein‟s ability to fulfill its function is directly linked to its unique, three dimensional 
structure. For its elucidation, there are routine methods available such as X-ray diffraction 
crystallography or nuclear magnetic resonance (NMR) spectroscopy. Besides the wealth of 
information available from the native structure giving important insights into the functional 
properties of proteins, a full understanding of the function and regulation of proteins has to 
include their dynamic nature as well. There are various circumstances in cells where proteins 
are not in their folded state but in states with less or no structure at all (Dill and Shortle, 1991; 
Prakash and Matouschek, 2004): (i) The first occasion is during the production of a protein on 
the ribosome, where the polypeptide chain has to obtain its folded structure the first time, a 
process that might be supported by chaperones in some cases. (ii) In eukaryotes, a 
considerable fraction of proteins synthesized in the cytosol have to be transferred to other cell 
compartments across membranes, where the translocation channels are so narrow that only 
unfolded proteins can pass through. (iii) Degradation of proteins is not only essential during 
digestion, but also for the regulation of the intracellular concentration of proteins. Prior to 
degradation, proteins have to be unfolded to be accessible to proteases (Prakash et al., 2004). 
(iv) A number proteins undergo many folding and unfolding cycles during their lifetime in the 
cell. (v) Unwanted occasions of protein unfolding can occur when the cell is exposed to stress 
such as abnormal temperature or high concentrations of stress agents. (vi) Finally, there is a 
significant fraction of proteins that are “natively unfolded” with unique functional features 
(Uversky, 2009). 
Obviously, the structural characteristics of the unfolded states are very important for 
understanding the basic steps in a protein‟s lifecycle. This includes not only folding, but also 
potential misfolding into nonproductive or even harmful aggregates, or interaction with 
diverse cellular factors, such as ribosomes and chaperones, members of protein translocation 
or degradation machineries, and the numerous binding partners of disordered proteins (Dyson 
and Wright, 2005). 
It is not surprising that the structural and dynamical features of the unfolded state are 
also important for understanding the fundamental mechanisms of protein folding: the 
unfolded state is the reference state for characterizing the stability of the folded state of a 
protein, and it is the starting point of folding as well as the competing reactions. 
Before the effects of the unfolded state on a protein‟s function and regulation can be 
explored, two important steps have to be taken. Firstly, one needs a detailed description of the 
unfolded state, whose investigation has quite different demands than the folded state. For 
instance, unfolded chains are not only much more heterogeneous, but also very dynamic, 
which has to be considered when elucidating structural features. In addition, the structural 
properties of the unfolded state are more sensitive to the environment than the folded state, 
which is important to take into account when comparing results from different environments 
or when drawing conclusions from in vitro experiments about the situation in vivo. 
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1.1.1 PROPERTIES OF THE UNFOLDED STATE 
Unlike the native state with its rather well-defined structure, the unfolded state is a large 
ensemble of rapidly interconverting, non- or marginally structured microstates. This 
necessitates a different way to describe the properties of the unfolded state (Dill and Shortle, 
1991). 
Models for the unfolded state 
The first step is to model the configurational statistics of the polypeptide chain, from which 
the average properties of the chain can be obtained. In general, the models presented in the 
following assume random coil chains (Chan and Dill, 1991), i.e. polypeptide chains without 
long-range interactions. Consequently, experimental results of the average distances of 
unfolded proteins or protein mutants in different conditions that deviate from the predictions 
might indicate the presence of long range interactions. 
A very simple model is the freely jointed or random-walk chain (Cantor and 
Schimmel, 1980 pp. 984-991; Flory, 1989 pp. 10-12), in which the amino acids are 
represented by bonds of defined length and every bond vector is completely uncorrelated from 
every other bond vector. Here, the mean squared end-to-end distance R2 is 
 
22 lnR 
 
[1.1] 
where n is the number of bonds and l is the bond length. For long polymers, i.e. large numbers 
of n, this value can be directly translated into the radius of gyration RG by 
 6/
22 RRG   
[1.2] 
Besides the mean squared end-to-end distance, the distance distribution can be calculated, i.e. 
the probability P(R) of a certain distance R between the chain termini to be populated based 
on a Gaussian distribution of distances: 
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[1.3] 
Deviations from the dependence of R2 on the number of bonds in Eq. 1.1 are expected for 
real chains, as side chains restrict the available bond vector space. This restriction can be 
accounted for by introducing a proportionality factor 
 
22 lnCR n  
[1.4] 
4 
where Cn is the characteristic ratio, which is a measure for the stiffness of the chain due to 
restricted bond vectors. When the Kuhn segment
I
 ( nCl ) is used instead of the bond length, a 
polymer can be treated again as a freely jointed chain (Kuhn, 1934). Alternatively, for large n, 
the stiffness can be described as the persistence length lp, which is related to C∞ (i.e. the 
characteristic ratio in the limit n → ∞) by (Doi and Edwards, 1988 p. 317; Flory, 1989 p. 402) 
 2/lClP   
[1.5] 
The persistence length is preferentially used in the context of an alternative model to describe 
especially stiff chains (e.g. for double stranded DNA (Murphy et al., 2004)), which is the 
Porod-Kratky chain model, also known as worm-like chain model. Here, the chain is treated 
as a continuously curving chain with the direction of the curvature at any point being random.  
Next to local correlations due to bond angel restrictions, real chains also experience 
long-range restrictions due to the excluded volume effect, i.e. that a chain molecule cannot 
cross its own path, resulting in a perturbation of the random walk model. Therefore, the 
average chain dimensions will increase as the probability of intersections is higher for more 
compact configurations. Compared to short-range interactions, i.e. configurational restrictions 
due to neighboring residues, these long-range interactions depend on n. A more general 
equation for the dependence of the radius of gyration on the number of monomers is 
 
nRR GG 0,  
[1.6] 
where RG,0 is a constant that includes the Kuhn length and v is the exponential scaling factor. 
For a random walk chain in the absence of the excluded volume effect, the latter is 0.5, as can 
be seen from equations 1.1 and 1.2. A theoretical estimate by Flory shows that by taking into 
account the excluded volume effect, v increases to 0.6 (Flory, 1949; Grosberg et al., 1994 p. 
84). 
Random Coil versus Residual Structure 
Several studies have been conducted to determine v based on measurements of unfolded 
protein sets under highly denaturing conditions as shown in table 1.1. Although there is some 
scatter of the scaling factors, the studies summarized in table 1.1 show only very few proteins 
deviating from the overall trends. Evidently, only the sequence length is needed to describe 
the mean distances of the unfolded state under highly denaturing conditions. If residual 
structure was present under these conditions, one may expect it to result in deviations from 
the excluded volume model, which rarely seems to be the case. This result is especially 
interesting in view of the increasing amount of studies revealing residual structure in proteins 
even under highly denaturing conditions. This residual structure ranges from topological 
similarities to the folded state shown in nuclear magnetic resonance residual dipolar couplings  
 
                                                 
I
 The Kuhn length is also referred to as „statistical segment‟ (Grosberg et al., 1994 p. 9) or „length of a 
hypothetical bond‟ (Flory, 1989 p. 12). 
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Probe v condition 
Number of 
proteins
i
 
Reference 
Intrinsic viscosity 0.66 ± 0.04 5 M GdmCl 11 (8) (Tanford et al., 1967) 
Sedimentation 
coefficient 
0.48 5 M GdmCl 11 (8) (Tanford et al., 1967) 
Stokes radius 
(DLS) 
0.50 ± 0.02 6 M GdmCl 12 (12) (Damaschun et al., 1998) 
Radius of gyration 
(NMR) 
0.57 ± 0.02 diverse
ii
 11 (7) (Wilkins et al., 1999) 
Diverse 0.54 6 M GdmCl 40 (1) 
(Tcherkasskaya and 
Uversky, 2001) 
Radius of gyration 
(SAXS) 
0.59 ± 0.028 diverse
iii
 28 (17) (Kohn et al., 2004) 
Table 1.1: Exponential scaling factor calculated for different numbers of unfolded proteins 
and with different methods. (
i
 number in brackets corresponds to the number of proteins 
measured in the cited work. 
ii
 High concentrations of urea or guanidine hydrochloride or at 
extremes of pH. 
iii
 Conditions range from 2 to 6 M GdmCl and 4 to 8 M urea.) 
for staphylococcal nuclease (Shortle and Ackerman, 2001) and eglin C (Ohnishi et al., 2004), 
electrostatic interactions in ribosomal protein L9 (Cho and Raleigh, 2005), marginal 
secondary structure in single chain monellin (Kimura et al., 2005), cold shock protein (Magg 
et al., 2006), or chymotrypsin inhibitor 2 (Kazmirski et al., 2001), to hydrophobic clusters in 
434 repressor (Neri et al., 1992) and lysozyme (Klein-Seetharaman et al., 2002). Both non-
native and native-like interactions can be found. 
How can these findings be reconciled (McCarney et al., 2005)? Apparently, the nature 
of the structural feature is important for its influence on the overall distance distribution of an 
unfolded state. First, one can distinguish between local and nonlocal order. The former case is 
in principle already taken into account when extending the monomer length to the Kuhn 
length, thus including stiffness arising from local steric constraints. Since proteins are 
heteropolymers, the segments vary both in length and the extent of angular restriction, thus 
the Kuhn length corresponds only to an average value. Fitzkee and Rose explored the extreme 
consequences of this averaging (Fitzkee and Rose, 2004). They showed that even when the 
chain configurations of 33 proteins are constrained to the native state for more than 90% of all 
residues, and the remaining residues are evenly distributed in the chain and are flexible, the 
overall dimensions can still be described surprisingly well with random coil statistics. These 
Monte Carlo simulations suggest that global properties, such as the radius of gyration and the 
models used to interpret them are quite insensitive to short-range structure. For nonlocal 
order, a stronger impact on the overall dimensions is expected, as can be seen in the 
substantial changes of the radius of gyration of Rnase A and lysozyme upon reduction of their 
disulfide bonds (Kohn et al. 2004). The absence of hints for long-range interactions in studies 
estimating the scaling factor (Table 1.1) could be due to the very low abundance of these 
features and/or their high flexibility resulting in very short lifetimes. Thus, they are not visible 
in ensemble and time-averaged measurements. Nevertheless, even short-lived or short-range 
structures might bias folding mechanisms or protein stability substantially. These findings 
show the importance of high spatial and temporal resolution to analyze the unfolded state. 
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Solvent Dependence 
An important aspect of the unfolded state is the solvent dependence of its properties. For a 
specific chain, one can differentiate three classes of solvents (Dill and Shortle, 1991): in 
“good” solvents, the interaction between monomers of the chain is the same as between the 
monomers and solvent molecules, which is a prerequisite for the random walk model. In a 
“bad” solvent, the interactions between monomers are more favorable, leading to a collapse of 
the chain. These conditions influence the scaling factor  describing the length dependence of 
the overall chain dimensions, being 0.6 for a good and 0.33 for a bad solvent. Since a 
continuous shift from “good” to “bad” solvent leads to a continuous shift in the scaling factor, 
conditions exist where the scaling factor matches the theoretical value for a random walk 
chain model in the absence of the excluded volume effect, that is 0.5 (see formulas 1.1 and 
1.2). These solvents are called “theta” solvents. A decrease of the scaling factor when going 
to worse solvents results in a decrease of the radius of gyration of a polymer with fixed chain 
length: the chain collapses. 
The interactions between a monomer and a solvent molecule depend on the nature of 
both the solvent molecule and the chain monomer as well as on the temperature (Schellman, 
2002). Obviously, these interactions vary in heteropolymers for the different types of 
monomers. Classical denaturating agents as GdmCl and urea are good solvents because they 
solubilize all parts of the protein including the backbone, but also the nonpolar side chains 
(Fersht, 1999 p. 513). Upon removal of these denaturants, i.e. when changing the solution 
conditions from a good solvent to a bad solvent, the attraction within the chain prevails 
resulting in a collapsed globular conformation (Grosberg et al., 1994 p. 84 ff. and 129 ff.). 
Electrostatic interactions can influence the dimensions of the unfolded state as well (Hofmann 
et al., 2008). The properties of the unfolded state have also been studied investigating the 
influence of temperature (Nettels et al., 2009), confinement (Zhou and Dill, 2001), presence 
of crowding agents (Minton, 2005), viscogens (Silow and Oliveberg, 2003), or external forces 
(Walther et al., 2007). More difficult to access are the details of the interactions causing the 
collapse, i.e. whether they are sequence-specific or not, native or non-native-like, and local or 
nonlocal. 
Dynamic Properties 
Another fundamental feature discerning the unfolded from the folded state is its dynamic 
nature. The reconfiguration time of the unfolded chain describes how long it takes a protein to 
sample its configurational space (Socci et al., 1996). Therefore it sets an upper bound on the 
rate at which a protein can fold and influences the folding mechanism (Kubelka et al., 2004). 
The dependence of the reconfiguration time on the protein sequence and the environmental 
conditions can give valuable insights in the relation between unfolded state dynamics and 
folding properties. 
An important parameter studied in this context is the rate of contact formation k, i.e. 
the inverse of the average time it takes two residues in a flexible chain to come within a 
distance a, which is the sum of the van der Waals radii of both residues. For a Gaussian chain 
it is related to the intra-chain diffusion constant D by (Szabo et al., 1980) 
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Contact formation between two residues is one of the most fundamental steps in protein 
folding, as elementary structure elements such as -helices (Chakrabartty and Baldwin, 1995) 
or -sheets (Gellman, 1998) require the interaction of non-adjacent residues for stabilization. 
Measurements of the contact rate within short random coil peptides revealed times on the 
order of tens of nanoseconds (Bieri et al., 1999; Lapidus et al., 2000). The rates increase with 
decreasing distances and approach constant values for very short distances due to chain 
stiffness (Lapidus et al., 2000; Krieger et al., 2003). The logarithm of this rate is inversely 
proportional to the logarithm of the solvent viscosity (Bieri et al., 1999) and decreases with 
increasing concentrations of GdmCl for short peptides modeling random coil chains (Krieger 
et al., 2003) and unfolded proteins such as cold shock protein from Thermotoga maritima 
(CspTm) (Buscaglia et al., 2003). 
As already mentioned, the chain dynamics limit the time an unfolded protein chain 
needs to adapt to new environments. A prominent example is the collapse of polypeptide 
chains upon dilution in refolding conditions, i.e. when taken from high to low denaturant 
concentrations. Therefore, the collapse time can be used to estimate how fast the unfolded 
chain can rearrange. For cytochrome c, apomyoglobin, and lysozyme, the collapse was 
estimated to be faster than 20 s, i.e. in the dead time of fast mixing experiments starting from 
high GdmCl concentrations (Lapidus et al., 2007). The similarity of collapse times of 
cytochrome c and analogous peptides, which have the same amino acid composition but are 
not able to fold, suggests that the collapse time is independent of the subsequent folding 
process (Qiu et al., 2003). 
8 
1.1.2 THE UNFOLDED STATE AS THE REFERENCE FOR THE FOLDED 
STATE 
For understanding how proteins fold into their functional relevant, three-dimensional structure 
and how this folded state is stabilized compared to the unfolded state is of great interest. 
Studies to elucidate the basic principles of the folding and stabilization of proteins often 
neglect possible structural features within the unfolded state. For instance, the absence of 
secondary structure at high denaturant concentrations is often extrapolated to native buffer 
conditions, where it is difficult to characterize the unfolded state because it is typically very 
low populated. Additionally, structural features of the unfolded state might be simple missed 
because the measurement technique is not sensitive enough (see chapter 1.3). Nevertheless, 
unfolded state properties might be very important to understand the underlying principles of 
stability and folding processes. 
Protein Stability 
Protein stability refers to the free energy difference G between the folded and the unfolded 
state, from which the ratio of their concentrations can be calculated from 
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[1.8] 
where R is the gas constant, T is the temperature in Kelvin, and cU and cF are the 
concentrations of unfolded and folded molecules, respectively. Since the unfolded molecules 
are usually not functional and prone to degradation, misfolding, and aggregation, the fraction 
of the unfolded state is a very crucial parameter in vivo and also in vitro. Altering the stability 
is important for instance for the adaption of organisms to extreme environments or 
improvement of protein yields, handling, and applications. It is therefore of substantial 
interest to understand the relationship between mutations and stability. 
Is the stability affected by the unfolded state? Another way to ask this question would 
be: Is the stability only affected by the native structure? To estimate the stability of a protein 
has been the aim of various computational methods, which have been developed to predict the 
influence of mutations based on the structure of the native state and using either physics-
based, or knowledge-based potentials, or a combination of them. Tests of the predictive power 
of six methods have shown (Potapov et al., 2009) that experimental and calculated stabilities 
have a correlation of at most 0.59. Even qualitative predictions resulted in an accuracy 
between 69 - 79% for identifying the stabilizing or destabilizing nature of a mutation, and 
between 38 - 63% for finding a high impact of a mutation on the stability. Also combinations 
of methods could not improve the predictive power significantly. The reasons of this rather 
low predictive power based on the native structure might be diverse, including the influence 
of mutations on intermediates. But obviously, methods based on the native structure alone 
neglect the influence of mutations on the unfolded state, although its importance has been 
pointed out (Shortle, 1996; Zhou, 2004). For instance, interactions between charged groups in 
the unfolded state are important to describe the pH-dependent stability of proteins and can 
destabilize the unfolded state due to the repulsion of neighboring residues (Zhou and Dong, 
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2003) or they can stabilize it due to non-native interactions (Cho et al., 2004). In general, 
mutations reducing the chain entropy are suggested to increase the stability, such as 
shortening of loop lengths or covalent linkage (Zhou, 2004). These residue-specific effects 
due to point mutations might be influenced by the overall properties of the unfolded chain, 
such as the average distance within the unfolded chain and how strong and fast the distances 
can fluctuate. As pointed out by Dill and Shortle about 20 years ago, the „denatured state 
under physiological conditions […] is the most relevant to an understanding of protein 
stability” (Dill and Shortle, 1991). 
Protein Folding 
To monitor protein folding processes with ensemble methods, non-equilibrium experiments 
are used most commonly. The unfolded state is populated by adding denaturants or altering 
the pH, for instance, and is then rapidly diluted into native buffer conditions to start the 
refolding reaction, which can be monitored by many different spectroscopic techniques. With 
this procedure, in addition to the folding reaction, also the adaptation of the unfolded state to 
the native buffer conditions is observed, which in the case of a GdmCl concentration jump is 
for many proteins a collapse of the chain. For many proteins, folding and collapse occur on 
separated timescales, as they fold on the order of milliseconds or slower, and the collapse is 
much faster, i.e. on the nanosecond to microsecond timescale (Agashe et al., 1995; Ballew et 
al., 1996; Magg and Schmid, 2004; Ratner et al., 2005). For conventional stopped-flow 
instruments used for kinetic measurements, the collapse happens in the dead time and is 
revealed by an unresolved signal change, in case the signal is sensitive to the changes in the 
unfolded state dimensions. As the folding process is usually the rate limiting step, only the 
final conditions influence the refolding rate, not the initial ones. Obviously, the properties of 
the unfolded state in the final conditions are the most relevant ones for the influence on the 
folding mechanism. 
The general properties of the unfolded state and especially the presence of structure 
acting as initiation sites under refolding conditions have direct influence of the folding 
mechanism and the folding rate. Initiation events in different models (Fersht, 1999) vary from 
the formation of structure elements at one position acting as a nucleus, either local (nucleation 
model) or nonlocal (nucleation-condensation model), the formation of all secondary structure 
elements prior to a diffusive assembly to form the proper tertiary structure (diffusion-collision 
model), or the formation of hydrophobic clusters in a collapsed conformation followed by 
rearrangement of the other parts of the protein (hydrophobic-collapse model). The properties 
of the unfolded chain might not only bias a certain folding mechanism, but also affect 
misfolding (Jahn and Radford, 2008). 
The influence of the dynamic properties of the unfolded state on folding is apparent in 
studies of the viscosity dependence of the folding reaction. Following Kramers theory 
(Hänggi et al., 1990), which describes folding as a diffusive crossing over a barrier, the 
folding rate should depend linearly on the inverse of the microscopic friction. This could be 
validated for cold shock protein from Bacillus subtilis (Jacob et al., 1999a) and the IgG 
binding domain of protein L (Plaxco and Baker, 1998). However, for fast folding proteins and 
secondary structure model peptides it was shown that the folding rates (Pabit et al., 2004) or 
the rate of conformational changes (Ansari et al., 1992) cannot be extrapolated to zero for 
zero viscosity, i.e. that an additional offset caused by internal friction is needed to describe the 
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folding rate. Accordingly, the viscosity in the pre-exponential factor of a Kramers-like 
equation can be split into a solvent friction  and an internal friction : 
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[1.9] 
where k is the folding rate, A is a viscosity-independent parameter that depends on the shape 
of the potential surface,  is the average height of the potential energy barrier separating the 
protein conformations, kB is the Boltzmann constant, and T is the temperature (Ansari et al., 
1992). 
The heterogeneous character of the unfolded state ensemble might raise the question 
how diverse the folding pathways (Sali et al., 1994) can be among the different substates. A 
theoretical approach to deal with the heterogeneity of conformations and possible pathways 
between them is the description of protein folding in terms of free energy landscapes 
(Bryngelson and Wolynes, 1987; Dill and Chan, 1997; Pande et al., 1998; Dinner et al., 
2000), also referred to as the „new view‟ in protein folding in contrast to classic chemical 
kinetics (Baldwin, 1995). According to Dill, „an energy landscape is just the free energy of 
each conformation as a function of the degrees of freedom, such as the dihedral bond angles 
along the peptide backbone” (Dill and Chan, 1997) 
A simple and well-known example of an energy surface is a Ramachandran plot, as 
shown in figure 1.1 a. The configurational space of a single amino acid in the context of a 
protein chain can be described by the dihedral angels of the main chain. The configurational 
space of a polypeptide chain has many more than two dimensions, as a multitude of bond 
angles and distances define the conformations. Therefore, the configurational complexity is 
reduced to order parameters, that can describe the system and its main characteristics, such as 
the population and properties of the states and possible interconversion pathways. Commonly 
used order parameters are the number or fraction of native contacts or the number of total 
contacts. The different populated states are represented by local minima, in which similar 
conformations can interconvert rapidly; they are separated from other states by free energy 
barriers. The shape of this landscape may change upon alteration of solvent conditions, 
showing the response of the system. It might also reveal whether a unique folding pathway or 
multiple pathways may occur. An additional feature of the energy landscape is its roughness 
(Zwanzig, 1988), i.e. the distribution of small valleys on the surface, influencing the dynamics 
of the system, that is the time needed to interconvert between different states. Of special 
interest is the energy landscape under folding conditions (Figure 1.1 b), where the surface 
shows multiple folding pathways (indicated by arrows), the transition state or states, and 
possible traps on the way the folded state. 
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Figure 1.1: Free Energy Landscapes. (a) Ramachandran plot for an alanin residue in a protein 
environment (inset) showing its low free energy regions (color scale from white/red to purple, 
representing less and more probable configurations, respectively) in its conformational space, 
here defined by its main chain dihedral angles  and  (adapted from Dinner et al., 2000). (b) 
Effective free energy (G) surface of a protein as a function of its native contacts (Q) and 
total number of contacts (nc) under physiological conditions, forming a funnel-like structure 
with a heterogeneous unfolded state (U) with high free energy, a transition state (‡) at a 
saddle point with intermediate effective free energy and the folded state (F) confined at the 
bottom of the funnel i.e. having the lowest free energy (adapted from Dobson, 2003). 
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1.2 COLD SHOCK PROTEIN 
Cold shock proteins (Csps) are highly expressed in many prokaryotic organisms as a response 
to a significant temperature drop below the typical growth temperature (Phadtare S. et al., 
1999). The main function of Csps is to regulate transcriptional processes via binding to single-
stranded nucleic acids and destabilizing unwanted RNA secondary structure (Horn et al., 
2007). The cold shock protein from Thermotoga maritima (CspTm) is a typical member of the 
cold shock protein family: its NMR structure (Kremer et al., 2001) shows that it folds into a 
Greek key -barrel consisting of two antiparallel -sheets formed by three (1-3) and two 
(4,5) -stands (figure 1.2). It consists of 66 amino acids, resulting in a molecular mass of 
7474 Da. 
 
Figure 1.2: Schematic structure of the cold shock protein from Thermotoga maritima. As 
typical for Csps, it consists of 5  sheets (1-5) forming a -barrel, here shown with 
fluorophores Alexa 488 (with green circle, C-terminus) and Alexa 594 (with red circle, N-
terminus) for FRET measurements (adapted from Schuler et al., 2002)) 
As a protein from a hyperthermophilic organism, CspTm shows a high thermodynamic 
stability (Perl et al., 1998) compared to its homologous proteins from Bacillus subtilis 
(CspBs) and Bacillus caldolyticus (CspBc), and a melting temperature of about 360 K 
(Wassenberg et al., 1999). The difference in stability between the homologous proteins is 
based on different unfolding rates, as the folding rates are very similar and on the order of 
1 ms
-1
 at 25° C. All thermodynamic and kinetic properties for these three Csps follow a two-
state mechanism, i.e. no evidence for intermediates could be found (Schindler et al., 1995; 
Perl et al., 1998; Wassenberg et al., 1999; Schuler et al., 2002). One reason of the reduced 
unfolding rate of CspTm and its correspondingly higher stability is its increased number of 
charged residues which form ion-pairs on the surface (Frankenberg et al., 1999). The high 
stability of CspTm and the absence of intermediates makes it a well-suited model protein for 
single molecule FRET spectroscopy to elucidate basic principles of the folding process of 
small all- proteins. The thermodynamic and kinetic properties of the variant labeled with 
Alexa 488 and Alexa 594 are shown in figure 1.3. 
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Figure 1.3: Biophysical characterization of a CspTm variant used for single molecule 
spectroscopy. (a) Equilibrium folding transition (taken from chapter II) and (b) Kinetic rate 
constants as a function of GdmCl. (Data taken from Schuler et al., 2002) 
The characteristic first step in the folding of Csp starting from high concentrations of GdmCl 
is the collapse of the unfolded state, as could be shown by single molecule FRET 
spectroscopy, both in equilibrium (Schuler et al., 2002) and kinetic measurements (Lipman et 
al., 2003) for CspTm and by kinetic ensemble FRET measurements for CspBc (Magg and 
Schmid, 2004). The folding mechanism of CspBs was studied by mutational analysis (Garcia-
Mira et al., 2004). From kinetic experiments, two characteristic ratios were obtained: the T-
value
II
 is a measure of the compactness of the transition state compared to the native state 
(Fersht, 1999 p. 545). The high T-value of 0.9 for CspBs indicates an almost native-like 
transition state, which is true for CspBc and CspTm as well (Perl et al., 1998). The -value is 
the ratio of the folding activation free energy difference and the overall free energy difference 
between the wild type and a point mutated variant (Perl et al., 1998). This ratio is interpreted 
as a measure of the importance of the mutated amino acid in the transition state of folding. 
High -values in the 1 strand of CspBs suggest that it is already formed in the transition 
state and that it has established critical non-local interactions with strand 4 in the second 
sheet. Kinetic experiments of FRET-labeled variants of CspBc showed that the collapse is 
faster than 50 s (dead time of the pressure jump technique (Magg and Schmid, 2004)), and 
that the -strands 1 and 2 appear more extended than expected for the collapsed distance 
under refolding conditions (Magg et al., 2006).  
 
                                                 
II
 The T -value is defined by )/( NUUNUNT mmm  , where mUN  and mNU are the kinetic m-values for 
folding or unfolding, respectively. 
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1.3 TECHNIQUES TO STUDY THE UNFOLDED STATE 
The unfolded state of proteins is best described by a number of properties such as the global 
chain dimensions (expressed e.g. by the radius of gyration), the content and nature of residual 
structure, and the dynamic behavior (e.g. intra-chain diffusion) of the unfolded chain. 
Global chain dimensions are typically studied by small-angle X-ray scattering 
(SAXS), dynamic light scattering (DLS), or fluorescence spectroscopy like Förster resonance 
energy transfer (FRET). Except for single molecule fluorescence spectroscopy (see chapter 
1.3.1), these techniques are ensemble techniques, i.e. the signal measured is averaged over the 
whole ensemble of species present in the sample. The ensemble averaging makes it difficult 
(if not impossible in some cases) to deduce unfolded state properties if the folded state is 
present as well, as is typically the case close to physiological conditions. 
Information about residual structural can be obtained by spectroscopic techniques such 
as nuclear magnet resonance (NMR), circular dichroism (CD), fluorescence, or infrared and 
ultraviolet absorbance. These techniques have different averaging properties, which do or do 
not allow them to differentiate between different possible scenarios: 
 
1. Static residual structure is present in all molecules in a specific part of the chain 
2. Residual structure appears temporarily, but only in a specific part of the chain 
3. Residual structure appears temporarily in different parts of the chain 
4. Static residual structure is present in different parts of the chain 
 
Methods which average over the whole chain and over all molecules can give information 
about the presence and nature of residual structure, but frequently, they cannot differentiate 
between the four scenarios, i.e. the dynamic behavior and the location of the residual structure 
within the chain. FRET can reveal local (but not residue-specific) information and in single 
molecule mode also temporal information to some extent. NMR can give residue-specific 
structural information (Dyson and Wright, 1998; Meier et al., 2008) of the unfolded state, 
including bond angle distributions (Smith et al., 1996), secondary structure content, and even 
long range interactions. 
Dynamic information can be obtained from NMR, AFM (atomic force microscopy 
(Junker et al., 2009)) and fluorescence-based techniques. The accessible time range for 
dynamic information in NMR depends on the probe used. For instance backbone motion can 
be measured by nuclear spin relaxation in the picosecond to nanosecond time range (Palmer, 
2001). Residual dipolar couplings reports on long range dynamics on the tens to hundred 
millisecond timescale (Meier et al., 2008). In single molecule FRET spectroscopy, dynamic 
information can be obtained in the range of the observation time of a single molecule 
(Merchant et al. 2007; Gopich & Szabo 2007), which can be on the order of milliseconds for 
diffusion experiments and can extend to seconds and longer for experiments with 
immobilized samples (Schuler and Eaton, 2008). Faster timescales, down to the picoseconds 
range, can be measured using time correlation spectroscopy of FRET-labeled biomolecules 
(chapter III and Berglund et al., 2002). Other methods utilize the triplet states of 
chromophores, either by monitoring the transfer between two triplet states of a donor and 
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acceptor (Bieri et al., 1999) or by triplet state quenching of a fluorophore (Lapidus et al., 
2000). Both methods are limited to the lifetime of the first excited triplet state, which is 
usually on the order of tens of microseconds. They require van der Waals contact between the 
two reporter groups and therefore are limited to distributions of shorter distances. 
For all techniques mentioned above, the influence of signal from the folded state has 
to be considered, especially for measurements under near-physiological conditions, where the 
properties of the unfolded state are most relevant. The extrapolation of properties from 
strongly denaturating conditions might be difficult. In the ideal case, the technique is sensitive 
to the conformational state, like single molecule spectroscopy or NMR (Korzhnev et al., 
2004), which means that the signal from unfolded state can be differentiated from the signal 
of the folded state. A minimal fraction of unfolded molecules is always required. In general, 
an extension of the accessible range of conditions can be achieved in non-equilibrium 
experiments (see chapter 1.3.2). Here, the unfolded state is populated under appropriate 
conditions such as high concentrations of GdmCl, and then rapidly diluted into the conditions 
of interest. As the adaption of the unfolded state is usually very fast, its properties can be 
studied in case that the depopulation rate is sufficiently slow, e.g. the rate of folding under 
native conditions. Alternatively, proteins can be destabilized by altering the amino acid 
sequence or reducing essential disulfide bonds, so that the unfolded state is populated also 
under physiological conditions to a sufficient extent. However, the effects of the 
destabilization on the results have to be considered. 
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1.3.1 SINGLE MOLECULE FLUORESCENCE SPECTROSCOPY 
Single molecules techniques have the unique feature of allowing to measure the properties of 
different subpopulations in a heterogeneous sample at the same time, instead of getting only 
the information averaged over the whole ensemble. In combination with Förster resonance 
energy transfer (FRET), single molecule fluorescence spectroscopy was first applied to 
immobilized DNA (Ha et al., 1996) and immobilized peptides (Jia et al., 1999) before 
measuring freely diffusing DNA (Deniz et al., 1999), peptides (Talaga et al., 2000) and 
proteins (Deniz et al., 2000). Its application range includes the study of conformational 
changes in dynamic states and upon folding (Bokinsky and Zhuang, 2005; Schuler and Eaton, 
2008), as a result of interaction with other molecules or complexes (Abbondanzieri et al., 
2008), and during the activities of enzymes (Henzler-Wildman et al., 2007) or larger multi-
molecular complexes such as ATP synthase (Diez et al., 2004) or the ribosome (Blanchard et 
al., 2004). 
An inherent advantage of single molecule techniques are the extremely low 
concentrations of sample needed, making it possible to measure unfolded species at 
conditions where they are otherwise highly prone to aggregation (Hillger et al., 2007). The 
high signal resolution also opens possibilities of studying important processes in living cells, 
as many processes are conducted by macromolecules at low concentrations (Xie et al., 2008). 
Förster Resonance Energy Transfer 
Fluorescence is the emission of light from a molecule that has absorbed radiation of a 
different (usually shorter) wavelength (Lakowicz, 2006). Important parameters for describing 
the fluorescence process are the quantum yield Q and the fluorescence lifetime  defined by 
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where kf ’ and knf are the radiative and non-radiative decay rates, respectively. The excitation 
energy of a fluorophore can also be transferred to another fluorophore through Förster 
resonance energy transfer (FRET) (Förster, 1948; van der Meer et al., 1994). Here, the energy 
donating and accepting fluorophores are called donor and acceptor, respectively. The energy 
transfer efficiency E is defined by  
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where kT is the energy transfer rate and kD’ and knD are the radiative and non-radiative decay 
rates (excluding FRET) of the donor molecule, respectively. The FRET process is depicted in 
the Jablonski diagram in Fig. 1.4.  
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Figure 1.4: Energy level diagram of the FRET process. A donor molecule D that has 
absorbed light (blue arrow) can lose its excitation energy in a number of ways, including 
emitting a photon of longer wavelength than the excitation light (fluorescence, green arrow), 
by non-radiative decay (black dashed arrow), or by Förster resonance energy transfer to an 
acceptor A (black solid arrow). The excitation energy of the acceptor can again be lost by 
emitting a photon (red arrow), which typically has a longer wavelength than the donor 
fluorescent photon, or by non-radiative decay (black dashed arrow). 
Using equation 1.11, the transfer efficiency can be expressed as a function of fluorescence 
lifetimes: 
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where DA and D are the donor lifetimes in presence and absence of an acceptor, respectively. 
An alternative expression for E uses the emission rates of donor and acceptor photons. The 
number of donor photons nD and acceptor photons nA per time is proportional to the donor and 
acceptor emission rates kD and kA, respectively. From nAAT kkk  '  and equation 1.10, the 
transfer efficiency can be calculated as 
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where QA and QD are the quantum yields of the acceptor and the donor dye, respectively. 
Equations 1.13 and 1.14 reflect the two standard methods for obtaining the transfer efficiency 
in single molecule spectroscopy, that is either from the donor lifetime or from the ratiometric 
approach, i.e. from the ratio of acceptor photons over the sum of both donor and acceptor 
photons detected for the molecule. Calculating E with the ratiometric approach requires 
knowledge of the quantum yields, which may depend on the solvent conditions or the 
neighboring chemical groups of the molecule the fluorophores are attached to. In addition, the 
instrumental detection efficiency of donor and acceptor photons might be different and 
crosstalk between the detection channels might distort the ratio of donor and acceptor 
photons. Therefore a careful calibration of the system is required. The lifetime approach is 
independent of the quantum yields and the detection efficiencies. However, the demands on 
the instrumentation and data analysis are higher. 
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Both methods are sensitive to dynamical processes affecting E on the timescale it is 
determined. For the ratiometric approach, it is the time over which the photons are collected, 
which for typical single molecule diffusion experiments is about one millisecond. For the 
lifetime approach, it is the excited state lifetime of the dyes, which is on the order of a few 
nanoseconds. If all influencing factors are considered sufficiently, both approaches should 
result in the same mean transfer efficiencies. 
The Förster transfer mechanism accounting for kT is based on near-field dipole-dipole 
interactions between the two fluorophores, and depends on a number of parameters. The most 
prominent parameter and the one used most in biochemical applications is the distance R 
between the fluorophores. The distance dependence of kT is shown in equation 1.15 
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where R0 is the Förster distance. Using equations 1.12 and 1.15, E and R can be directly 
related by the Förster equation: 
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[1.16] 
This strong distance dependence makes FRET a very sensitive spectroscopic ruler (Stryer and 
Haugland, 1967) around the Förster distance, as shown in figure 1.5. 
 
        
Figure 1.5: (a) Relationship between inter-dye distance R and FRET efficiency E. At the 
Förster distance R0 (here 54 Å), E is 0.5 (see red dashed line). (b) Assuming E can be 
determined with an accuracy of 0.025E    and R0 = 54 Å, the uncertainty 
  EdEdRR   in the distance is shown as a function of R. Around R0, the error is about 
±1 Å, between 30 Å and 80 Å it is still under ±5 Å. 
 
 
 
 
(a) (b) 
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R0 is determined by photophysical properties of the dyes and by solvent properties: 
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[1.17] 
where 2 is the orientation factor, QD is the quantum yield of the donor, J is the overlap 
integral of the donor emission spectrum and the acceptor absorption spectrum, n is the 
refractive index of the solvent, and NA is Avogadro‟s number. The orientation factor 
2
 
describes the relative orientation of the transition dipoles of donor and acceptor. The extreme 
cases are a static orientational distribution of fluorophore transition dipoles, and fluorophores 
which are rotating rapidly and isotropically. In the first case, 2 can vary between 0 and 4, and 
R0 and therefore E can vary accordingly, even though the distance might be constant. This 
makes it significantly more difficult to obtain the correct distances. In the second case, 2 has 
the average value of 2/3. Here, a single distance corresponds to a single transfer efficiency. 
For achieving this more convenient situation, flexible linkers are often introduced between the 
molecule and the fluorescence label. The flexibility of the dyes and the correctness of the 2/3 
assumption can be checked by fluorescence anisotropy measurements. 
Fluorescence Anisotropy 
Fluorescent molecules have absorption and emission dipole moments, which is why light is 
neither absorbed from nor emitted into all directions isotropically. The probability of 
excitation depends on the angle between the electric field vector of the incoming light and the 
vector of the absorption dipole moment of the fluorophore. In an ensemble of randomly 
orientated dye molecules illuminated by linearly polarized light, the molecules whose 
absorption dipole moments are orientated nearly parallel to the electric field vector are excited 
preferentially. Consequently, the emission light is dominated by those selected dyes. In 
general, the emitted light will also be polarized, and the polarization and intensity of the light 
will depend on the angle between the excitation light source and the detector. Quantitatively, 
the effect is described by the fluorescence anisotropy r 
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[1.18] 
where Ip and Is are the emission intensities detected with polarization parallel and 
perpendicular with respect to the excitation light. 
Time-resolved anisotropy decays can reveal the timescales of the dye rotation eff and 
of the rotational motion of the molecule the dye is attached to, M (Lipari and Szabo, 1980). 
    Meff tt ererrtr    0)(  [1.19] 
where r0 is the limiting anisotropy of the fluorophore, which depends on the angle between 
absorption and emission dipole moments, and r∞ is the residual anisotropy in the absence of 
rotational motion of the molecule carrying the fluorophore, which can be used to estimate the 
angular restriction of the fluorophore. 
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In the case of FRET, the transfer rate depends on the angle between the emission 
dipole of the donor and the absorption dipole of the acceptor. The case that 2 equals 2/3 is 
given when the donor dipole orientation randomizes before the photon is emitted. A low 
anisotropy of the donor fluorophore is often used to justify this assumption. 
Biochemical Requirements 
In most cases, single molecule fluorescence spectroscopy requires the incorporation of 
extrinsic fluorophores into the molecule of interest. For the labeling of the molecule, reactive 
groups are needed for specific derivatization with the fluorophores. Naturally occurring 
reactive groups in proteins are the sulfhydryl groups of cysteines and the amino groups of 
lysines and the N-terminal amino acids. Other reactive side chains like azide groups can be 
introduced if the molecules of interest are produced by solid-phase synthesis or with the use 
of orthogonal aminoacyl-tRNA/tRNA pairs (Young and Schultz, 2010). A site-specific 
introduction of the fluorophores is of great advantage for several reasons. First, the 
fluorophores should be attached in protein segments where they have minimal influence on 
folding mechanism and stability, and where the fluorophores are not influenced by the protein 
environment (Marme et al., 2003). Most importantly, they should be in a position where they 
can probe the distance and distance changes of interest with highest resolution. In order to 
achieve the site specificity, site directed mutagenesis is used to either introduce amino acids 
with specific side groups at the according positions and to remove them at other places. 
Instrumentation and Data Analysis 
The main components of a standard single molecule fluorescence instrument are shown in 
figure 1.6. A laser beam (either pulsed for lifetime information or continuous wave) is 
focused with a high numerical aperture objective into the sample volume, resulting in a 
confocal spot with a size usually of the order of a femtoliter. The concentration of labeled 
molecules in the sample is very low (on the order of tens of picomolar) to reduce the 
probability of two molecules being in the confocal volume at the same time to a negligible 
amount. Molecules that diffuse through the confocal volume will be excited by the laser 
beam. Fluorescence light collected by the objective passes a dichroic mirror to separate 
excitation light from fluorescence light, and is focused onto a pinhole that confines the 
detection volume. A polarizing beam splitter separates the parallel and orthogonal polarized 
light (with respect to the polarization of the excitation light). Both polarization components 
are additionally separated by dichroic mirrors into donor and acceptor fluorescence light and 
focused on single photon avalanche photodiodes (APDs).  
Counting electronics record time and detection channel information about all detected 
photons to a hard disk (Wahl et al., 1998; Wahl, 2004). Different electronics can either record 
the detection time of each photon with respect to the beginning of the measurement (time tag) 
with picosecond resolution. Alternatively, the time tag is saved with nanosecond resolution, 
but in addition the detection time with respect to the last laser pulse with picosecond 
resolution and accuracy is recorded. This additional time allows the determination of the 
fluorescence lifetime and fluorescence anisotropy from the measured fluorophores. 
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Figure 1.6: Confocal single molecule fluorescence spectroscopy. Scheme showing the main 
components of the instrument (see text for details) on the right and basic data visualization 
and analysis on the left, including a photon trajectory (a), a contour plot of donor 
fluorescence lifetime D versus transfer efficiency E (b), and a transfer efficiency histogram 
(c). Further analysis based on subpopulations (here unfolded subpopulation selected in (b), 
marked by dashed squared) include a time-correlated single photon counting histogram (d) to 
determine accurate lifetimes of acceptor and donor fluorophores, and donor intensity 
autocorrelation function (e) with nanosecond time resolution. (Adapted from Schuler and 
Eaton, 2008) 
The photon data can be analyzed in different ways. An essential step is the identification of 
single molecule events in the photon trajectory (figure 1.6 a). Different algorithms have been 
developed for that purpose. The simplest procedure is to bin the photon trajectory and take 
bins which have at least a certain number of photons as bursts (Deniz et al., 2001). A second 
approach is based on the increased photon detection rates in bursts compared to background 
(Eggeling et al., 2001). First, photons which are separated by a certain maximal interphoton 
time are combined into bursts. Second, bursts which have at least a certain number of photons 
are kept for further analysis. This latter approach identifies the start and end points of bursts 
with higher precision. After their identification, the bursts are corrected for background, 
different quantum yields of donor and acceptor dyes, cross-talk, direct excitation of the 
acceptor, and differences in the detection efficiencies for donor and acceptor dye (Schuler, 
2006). 
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The identified photon bursts can be analyzed to obtain the FRET efficiency, the 
lifetimes of the fluorophores, their anisotropies and number of photons, the length of the 
photon burst, and the like. The data are usually visualized in histograms like a FRET 
efficiency histogram (figure 1.6 c) or in contour plots showing two parameters for each burst 
(e.g. figure 1.6 b). Bursts selected by one or several parameters can be used to extract 
subpopulation-specific information, e.g. to calculate fluorophore lifetimes (figure 1.6 d) or 
correlation functions (figure 1.6 e). 
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1.3.2 KINETIC EXPERIMENTS 
Folding and unfolding processes are difficult to study at equilibrium, and only few examples 
exist where rate constants could be obtained in equilibrium ensemble experiments (Huang and 
Oas, 1995; Barbar et al., 1998; Teilum et al., 2006). The vast majority of kinetic experiments 
are done under non-equilibrium conditions. To this end, e.g. stopped-flow instruments are 
used, in which two solutions are rapidly mixed and the initiated reaction is followed for 
instance by fluorescence or circular dichroism (Chance, 1951). Although widely used to study 
protein folding, stopped-flow has two main disadvantages: First, the dead time is about 1 ms, 
and faster processes can therefore not be resolved. Second, the reaction progress is directly 
coupled to the measurement time. The amount of signal at a time point of the reaction is 
therefore limited. This impedes the application of stopped-flow methods to probes that require 
longer measurement times. Alternatively, kinetic experiments can be triggered by pressure 
changes (Pryse et al., 1992; Jacob et al., 1999b) or by laser pulses, which either change the 
temperature (Nölting et al., 1995; Ballew et al., 1996) or manipulate certain groups within the 
protein (Bredenbeck et al., 2003; Chen et al., 2003). Although these triggering methods allow 
for much shorter dead times, they are restricted to specialized probes or to pressure or 
temperature changes as a trigger. 
An alternative approach applicable to a broader range of conditions than laser or 
pressure-induced triggering methods are continuous-flow mixers (Regenfuss et al., 1985; 
Chan et al., 1997; Shastry and Roder, 1998; Ratner and Sinev, 2000; Lipman et al., 2003; 
Hertzog et al., 2004). Here, the solutions are continuously transported, mixed and measured, 
in contrast to stopped-flow mixers. Since the reaction progress and the measurement time are 
decoupled, extended measurement times are possible, as needed in the case of single molecule 
fluorescence spectroscopy. Besides the observation of kinetic processes, devices can also be 
used to investigate populations under unfavorable conditions by populating them transiently, 
e.g. the unfolded state under native conditions before the refolding reaction starts. The use of 
microfabrication techniques has lead to numerous advantages such as cheap and rapid 
production of flexible constructions with small dimensions (Stone et al., 2004). The general 
requirements for the construction of continuous-flow microfluidic mixers are an optimal 
design for low dead times, high temporal resolution, a material with appropriate optical 
properties, minimal interaction with the samples, and sufficient mechanic stability for the 
pressure build up at the flow rates needed. There are also a couple of disadvantages of 
continuous-flow mixers, especially compared to stopped-flow instruments that have to be 
taken into account. The sample consumption is usually higher compared to stopped-flow 
instruments. However, the low volume rates needed for microfabricated mixers and the low 
sample concentrations needed for sensitive detection systems like in single molecule 
spectroscopy can reduce sample needed to a negligible amount. The upper measurement time 
of a continuous-flow mixer is limited, not only because the observation channel has a finite 
length, but also because diffusion of the sample molecules parallel to the flow decreases the 
time resolution for longer observation times. For the analysis of continuous-flow mixing 
experiments, a thorough understanding of the flow characteristics is required to calculate 
proper dead times, times after mixing, and the temporal error of a measurement. However, 
powerful numerical methods, such as finite element calculations are available to simulate flow 
and diffusion properties of microfluidic mixer designs. Still it is very important to 
characterize the mixing devices for both their flow and optical properties experimentally. 
24 
Continuous-flow mixers have been shown to extend the possibilities for studying fast 
processes, especially to elucidate the folding mechanisms of proteins. For instance, mixing 
experiments were used to identify additional folding intermediates of cytochrome c monitored 
by Trp fluorescence with 50 s dead time (Shastry and Roder, 1998) and by CD with 400 s 
dead time (Akiyama et al., 2000), the fast formation of tertiary structure for cytochrome c, 
apomyoglobin and lysozyme, monitored by Trp fluorescence with a dead time of 20 s 
(Lapidus et al., 2007), and a fast collapse prior to folding for dihydrofolate reductase 
monitored by SAXS with a dead time of 300 s (Arai et al., 2007). 
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1.4 OUTLINE 
Further insights in the unfolded state of proteins are essential to understand its impact on 
protein folding and stability. The analysis of the collapse is an important step towards 
understanding the properties of unfolded proteins under near-physiological conditions. To 
gain a more detailed picture of the collapsed unfolded state of CspTm, several new variants 
were produced to map different parts of the protein in single molecule FRET measurements. 
As a complementary approach, a microfluidic mixing system was developed, allowing CD 
measurements with synchrotron radiation to study the -sheet content of unfolded CspTm in 
non-equilibrium experiments. The performance of the mixer was investigated using the well-
studied protein cytochrome C. 
In addition to the structural properties, the dynamic properties are crucial for 
understanding unfolded proteins. An extension of fluorescence correlation spectroscopy to the 
relevant nanosecond timescale was used to explore the dynamics of the unfolded chain from 
distance fluctuations monitored by FRET. Interesting questions to study are the dependence of 
the dynamics on the degree of collapse and on the intramolecular chain separation. 
Kinetic experiments are crucial for many problems in protein folding and other 
biophysical areas. To combine the subpopulation resolution of single molecule fluorescence 
spectroscopy and the diversity of information available from kinetic experiments, continuous 
microfluidic mixers were developed that allow single molecule fluorescence experiments. 
Single molecule FRET spectroscopy of freely diffusing molecules can reveal many 
details of heterogeneous systems. Nevertheless, the limited amount of measurement time and 
thus of signal per molecule constrains both temporal and subpopulation resolution. The 
potential of using information of molecules which are detected a second time is investigated, 
and its impact on analyzing single molecule FRET measurements is explored. 
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Figure 5.1: Single Molecule Time Trajectories with donor (green) and acceptor (red) photon 
counts. Points mark the size and positions of identified bursts. Already in the overview (a) 
clustering of bursts can be recognized. This effect gets visible better when zooming into a 
cluster (b), revealing two smaller clusters which are separated from other bursts by more than 
a second. The smaller clusters are separated by approximately 70 ms (c). The final zoom 
shows a time separation of the single bursts of a few milliseconds (d). [Measurement of 
CspTm in 1.1 M GdmCl] 
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5.1 INTRODUCTION 
Single-molecule fluorescence spectroscopy has been shown to give unique insights into 
heterogeneous molecular systems (see chapter 1.3.1). The sample is either freely diffusing in 
solution or immobilized on a surface. Immobilized molecules can be observed for extended 
times, which is beneficial e.g. for monitoring kinetic processes, but might be perturbed by 
interactions with the surface. In addition, measurements with molecules in diffusion are much 
easier to perform. However, the observation time in single molecule diffusion experiments is 
typically only about one millisecond, which has two consequences. First, the amount of signal 
per molecule is limited, resulting in stochastic broadening (i.e. shot noise) of the 
subpopulation representing transfer efficiency peaks. Second, the limited observation time for 
each molecule restricts the time range in which dynamical processes can be studied. 
In diffusion experiments, the single molecules which transverse the confocal volume 
are detected as a significant increase of the photon rate above the fluorescence background 
level (see chapter 1.3.1). Standard analysis methods treat the emitted bursts of photons as 
independent events, i.e. as originating from independent molecules. However, due to the low 
concentrations of molecules in single-molecule experiments (typically tens of picomolar), two 
bursts detected within a short time interval are likely to originate from the same molecule. 
This recurrence effect has to our knowledge been ignored for the analysis of standard single-
molecule data, although its importance was pointed out in theoretical papers (Földes-Papp, 
2007) and it was also accounted for the interpretation of correlation times of single quantum 
dots (Zumofen et al., 2004) and cells (Edel et al., 2001). The recurrence effect can be easily 
seen in photon trajectories, as shown in figure 5.1. A closer look at these trajectories suggests 
that the bursts are not uniformly distributed in time, but are clustered, which cannot be 
explained by a stochastically independent appearance of molecules. A second hint of 
recurrence comes from standard fluorescence correlation functions, which typically indicate a 
correlation at times higher than 10 ms, i.e. at significant longer times than the burst duration 
which is about 1 ms. 
In this chapter, the benefits of using this recurrence information are explored. To this 
end, two complementary methods were developed. First, it will be shown that the analysis of 
transfer efficiency histograms can be significantly improved. In a simple and basically model 
free way, peak shapes and positions of separate subpopulations can be extracted. Peak 
broadening due to shot noise can be easily distinguished from broadening due to non-
stochastic effects such as an underlying distance distribution. Second, burst time correlation 
analysis will be introduced as a powerful method to extract the probability that two bursts 
originate from the same molecule and to estimate interconversion rates between 
subpopulations. Finally, to use the temporal information of recurrence analysis, a procedure 
will be described to obtain protein folding relaxation rates from single molecule diffusion 
experiments at equilibrium. 
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5.2 RECURRENCE TRANSFER EFFICIENCY 
DISTRIBUTIONS 
The clustering of bursts in photon trajectories (figure 5.1) strongly suggests the recurrence of 
single molecules, but how can we show that these clustered bursts belong to the same 
molecule? If we consider that a molecule retains its mean transfer efficiency for a certain 
amount of time, then two bursts separated by a short time interval are very likely to have the 
same transfer efficiency. We can visualize this by constructing histograms of bursts selected 
by two criteria. First, the burst must be detected in a defined time interval after a previous 
burst, e.g. where it is likely that it is a recurring molecule. Second, this previously detected 
burst has to have a certain transfer efficiency, e.g. it belongs to a certain subpopulation. We 
call the distribution of bursts selected by those criteria „recurrence transfer efficiency (E) 
distribution‟ and the corresponding histogram „recurrence transfer efficiency (E) histogram‟. 
Recurrence Transfer Efficiency Histograms 
Examples of recurrence E histograms are shown in figure 5.2, which were obtained from a 
measurement from CspTm (labeled at positions 2 and 67, see chapter II) in 1.1 M GdmCl
III
. 
For comparison, the histogram of all detected bursts (the „full histogram‟) is shown as a 
dashed line. The E range of the previous detected bursts (the „initial‟ E range) is shown as a 
gray box. Figure 5.2 a-g illustrate the dependence of the recurrence histogram on the initial E 
range for a fixed recurrence time interval of =25 ms. Notably, all histograms resemble only 
the subpopulations which are present in the initial E range chosen. This is only expected if the 
bursts originate from the same molecules. In addition, the rate of interconversion between the 
subpopulations has to be significant slower than the recurrence time (25 ms), because 
otherwise peaks of the other subpopulations would appear as well. 
The recurrence peaks show not only transfer efficiencies in the initial range, but they 
resemble the whole, isolated peaks of the respective subpopulation(s) seen in the full transfer 
efficiency histogram. This is expected for purely shot-noise broadened peaks as the bursts of 
the recurring molecules show the same photon statistics as the initial ones. Therefore, 
recurrence analysis can be used as a simple method to obtain isolated subpopulation peaks, for 
the case that the subpopulation is static in the recurrence time interval. It should be 
emphasized that the subpopulation peak isolation can be obtained in a basically model-free 
way. In addition, more complicated scenarios might be distinguished: 
 
1. The subpopulation is not represented by a single distance, but by a static distance 
distribution. In this case, also the recurrence histogram will always contain a 
distribution of distances, which will result in a position dependence of the final 
recurrence peak on the initial transfer efficiency window. By this, heterogeneity of 
a subpopulation can be identified (see chapter “Peak Width Analysis”, page 106). 
                                                 
III
 Note that all sample concentrations are in the range between 5 pM and 25 pM, thus improving the recurrence 
analysis. However, the analysis can also be applied to measurements with higher sample concentrations. 
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2. The subpopulation represents a single distance, but overlaps with another 
subpopulation. In this case, the initial transfer efficiency window can be chosen 
such that only one subpopulation dominates the recurrence histogram. 
 
 
3. The subpopulation represents a single distance, but interconverts with another 
subpopulation on the recurrence time scale (e.g. due to bleaching, folding, or 
unfolding). In this case, a sufficiently short recurrence time window will yield the 
pure peak of the initial subpopulation. By constructing time dependent recurrence 
histograms, the interconversion rate might be obtained (see chapter 5.4). 
 
Figure 5.2: Normalized recurrence E histograms of CspTm in 1.1 M GdmCl (solid lines) 
compared to the full histogram (dashed line). Plots a-g show the start E dependence (gray 
box) for bursts detected within 25 ms after another one. The recurrence peaks resemble the 
whole width of the subpopulations present in the start E range. Plots h-n show the recurrence 
time dependence of bursts detected after a bursts from the folded subpopulation. With 
increasing time (> 50 ms), the probability of bursts being from recurred molecules decreases 
relative to the amount of bursts from different molecules. As the different molecules show the 
distribution of the overall ensemble, the histograms approach the full histograms. 
98 
The recurrence E histograms for different recurrence times in plots h-n (figure 5.2) illustrate 
the difference between recurring molecules and different molecules. In the absence of 
interconversion, recurring molecules will only resemble the subpopulation they originate 
from, while different molecules will be distributed corresponding to their overall distribution 
in the sample. With increasing recurrence time, the probability of detecting new molecules 
increases, and for very long times, the recurrence histogram will have the same subpopulation 
distribution as the full histogram. Between 20 and 50 ms the majority of detected molecules 
still are recurring molecules. That means that the recurrence analysis allows the observation 
time to be expanded from about 1 ms for a single burst by a factor of 20 to 50. 
Recurrence Transfer Efficiency Contour Plots 
An alternative visualization of the recurrence E distribution is a „recurrence E contour plot‟, 
as shown in figure 5.3. The contour plots are obtained from a two-dimensional binning of 
burst pairs, where the initial burst and the burst from the recurring molecule have a transfer 
efficiency in range EA and EB, respectively. Each plot is constructed for a certain recurrence 
time interval. 
Recurrence transfer efficiency contour plots give a detailed picture of all 
subpopulations present in a measured sample and also of the extent of their interconversion on 
the recurrence time scale. The recurrence histograms of figure 5.2 a-g can be seen as vertical 
slices of distinct EA ranges in a contour plot. Figure 5.3 shows the contour plot of the same 
sample as in figure 5.2 for two recurrence time intervals. The contour plots can be interpreted 
in the following way. Each subpopulation which is static on the recurrence time scale will 
appear on the identity line, as the transfer efficiencies of the initial burst and the recurring 
bursts (i.e. EA and EB) are the same. As shot noise affects both bursts to the same extend, the 
transfer efficiencies will be broadened equally on both x and y axis, thus forming a circular 
peak
IV
. In both plots in figure 5.3, the three expected subpopulations of folded and unfolded 
molecules and molecules with inactive acceptor can be clearly distinguished. Notably, the 
unfolded peak is not circular, but slightly elliptically shaped. This can be taken as a hint for 
heterogeneity in the unfolded state population. A non-circular shape means that molecules 
detected with for instance a low transfer efficiency within the unfolded state are also likely to 
still have a lower E at the second time detected. In other words, the molecules have a memory 
of their transfer efficiency within the peak of the unfolded state, which it is not expected for a 
peak broadened by shot noise only. The unfolded state seems to consist of at least two 
subspecies with quite similar transfer efficiencies which do not interconvert within 5 ms. 
Another important feature of transfer efficiency contour plots is the appearance of 
cross-peaks. There are two possible sources of cross-peaks. The first one is interconversion 
between subpopulations: If a molecule changes its conformation on the recurrence timescale, 
it will have first a transfer efficiency (EA) representing state 1 and a second transfer efficiency 
(EB) of state 2. If the system is in equilibrium, two cross-peaks (for state 1 to state 2 and vice 
versa) are expected. In the supplement it is shown that both cross-peaks should have the same 
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 For peaks at the extremes of the transfer efficiency range, i.e. higher than 0.9 or lower than 0.1, the shape does 
not appear exactly circular, but the edges towards 1.2 and -0.2 are compressed. It can be better modeled by a two 
dimensional log normal function.  
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Figure 5.3: Recurrence E contour plot of CspTm in 1.1 M GdmCl. Each bin corresponds to 
bursts which have a transfer efficiency of EB and are detected between 0 and 5 ms (a) or 
between 5 and 25 ms (b) after a burst with transfer efficiency EA was detected.  Molecules 
which have the same E for the first and second burst will appear on the identity line, shot-
noise broadening creates circular peaks. For short recurrence time intervals (a), the three 
subpopulations i.e. unfolded, folded and acceptor inactive molecules are clearly visible. For 
longer recurrence time intervals (b), cross-peaks appear, which can originate either from 
interconversion of subpopulations or from the appearance of new molecules. As the amount 
of new molecules increases from 1% in a to 10% in b, the cross-peaks originate most likely 
not from conformational changes. 
size, regardless of the population ratio between the two states. In the case of acceptor photo-
bleaching, cross-peaks are only expected for one direction, i.e. the first transfer efficiency of 
an acceptor active state and the second transfer efficiency of the acceptor inactive state. 
Another photophysical effect to be considered is blinking, which is often observed for 
immobilized single molecules. Blinking of the donor dye does not influence the analysis as it 
is not distinguishable from a molecule leaving or entering the confocal volume. Blinking of 
the acceptor dye, however, would result in a molecule with a transfer efficiency varying 
between zero and a value corresponding to its mean inter-dye distance. Therefore, cross-peaks 
are expected at the corresponding areas in the contour plot. However, an approach introduced 
in the next chapter (5.3) to quantify blinking shows that acceptor blinking can be neglected 
for all measurements presented here. 
The second possible origin of cross-peaks is the appearance of different molecules. 
The probability of this different molecule to belong to a certain subpopulation is given by the 
equilibrium distribution within the sample. Obviously the ability to distinguish between these 
two sources for cross-peaks is a prerequisite for analyzing inter-subpopulation kinetics. For 
that purpose, two methods have been developed to estimate the probability of a burst to 
originate from a recurring molecule rather than from a different molecule. They will be 
introduced in detail in chapters 5.3 and 5.4. 
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In figure 5.3 a, no significant interconversion between the states is observed. This is 
expected at least for the interconversion between folded and unfolded subpopulations, as the 
folding relaxation rate for the labeled CspTm at this condition is known to be about 4 s
-1
 
(Schuler et al., 2002). During 5 ms, less than 1% of the proteins are expected to interconvert 
from the folded to the unfolded state and vice versa. In contrast to this, the contour plot for 
longer times (figure 5.3 b) shows significantly higher cross-peaks between folded and 
unfolded subpopulations. Also between acceptor-active and acceptor-inactive subpopulations, 
cross-peaks are faintly visible. From correlation analysis (see chapter 5.3), it was determined 
that the fraction of burst pairs not originating from the same molecule is about 1% integrated 
over the first 5 ms and 10% integrated from 5 ms to 25 ms. For the longer recurrence time 
interval, the expected fraction of folded molecules detected after unfolded ones can be 
calculated to be 3% of the initially unfolded molecules
V
. This is indeed in approximation the 
case and one can conclude that between 5 and 25 ms, no significant folding or unfolding 
events can be detected. A precise quantitative analysis is given in chapter 5.4. 
As a second example, Polyproline 20 was measured in 3.5 M GdmCl (figure 5.4). The 
recurrence E contour plots show in addition to the acceptor-inactive subpopulation a second 
wide-stretched peak. The corresponding peak in the full FRET histogram can be well fitted 
with two Gaussians. However, the recurrence E contour plot clearly reveals that at least three 
species are needed to describe the population. The slight broadening of the distribution at later 
times (figure 5.4 b) can be fully attributed to bursts from new molecules (i.e. 7%). In 
conclusion, the interconversion must be slower than 10 ms. 
  
                                                 
V
 The fraction of cross-peaks expected from new molecules are calculated as follows: If 10% of the molecules 
detected after an unfolded molecule are different ones, then 90% of the bursts have an EB corresponding to an 
unfolded molecule and the EB of the other 10% are distributed as in the full histogram. As the amount of folded 
molecules in the full histogram is about 33%, the cross-peak corresponding to an unfolded to folded transition 
will be 33% times 10% i.e. about 3% of the unfolded peak. 
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Figure 5.4: Recurrence E contour plot of Polyproline 20 in 3.5 M GdmCl for the first 1 ms 
(a) and within 5 and 10 ms after a burst. The acceptor-active subpopulation exhibits a very 
distorted peak, which needs to be modeled by more than three subpopulations, as the 
indicated shot-noise broadened peaks cannot describe the peak. For longer times, the peak 
gets broader compared to the identity line. Again, as the fraction of new molecules increases 
from 1% to 7%, the broadening can be attributed to the new molecules rather than 
interconversion. 
As a third example, CspTm was measured in 50% ethylene glycol and 3.5 M GdmCl (figure 
5.5). The unfolded state peak in the standard transfer efficiency histogram shows an unusual 
asymmetry with a shoulder towards higher transfer efficiencies. The recurrence analysis again 
reveals more details. At least four subpopulations are distinguishable: The acceptor-inactive 
molecules with a circular peak shape at transfer efficiencies around 0, the unfolded main peak 
at about 0.4, which continuously merges into a smaller, more elliptically shaped 
subpopulation centered around 0.65, and finally a small, but significant population with a 
transfer efficiency at 0.9, where the peak from the folded state is expected. Note that the latter 
population contains only about one percent of the total distribution and is hardly visible in the 
standard FRET histogram. 
For longer times, significant cross-peaks appear both from the main unfolded peak to 
the acceptor-inactive subpopulation and between the lower and higher E parts of the unfolded 
subpopulation. As the diffusion slows down significantly in the presence of ethylene glycol, 
the recurrence time window can be extended to 20 ms without increasing the fraction of new 
molecules a lot. The expected increase of the cross-peaks from new molecules is about 3% 
between the two contour plots. Clearly, the observed increase of the cross-peaks is much more 
pronounced (figure 5.5 b). Therefore the recurrence analysis suggests that the subpopulations 
of the unfolded state interconvert on a timescale of about 10 ms. 
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Figure 5.5: Recurrence E contour plots of Csp in 3.5 M GdmCl and 50% ethylene glycol. 
The unfolded peak appears very heterogeneous, in addition to a small peak at a transfer 
efficiency of about 0.9. Transfer efficiency distributions of the unfolded subpopulation appear 
in non-circular shape, suggesting a structurally diverse subset of molecules. Although only a 
small fraction of different molecules is expected within 10 to 20 ms (i.e. 3% from correlation 
analysis), significant cross-peaks appear, which indicate interconversion within the non-
native ensemble. 
Peak Width Analysis 
The plots a-g in figure 5.6 show recurrence histograms of the same CspTm data as presented 
in figure 5.2, but with a much narrower initial transfer efficiency range which is shifted in 
small steps over the unfolded state peak. Again, as shot-noise is the main reason for peak 
broadening, the recurrence peak widths are similar to the unfolded peak width visible in the 
full histogram. However, there is a slight position dependence of the recurrence peak on the 
initial E range. This suggests that heterogeneous broadening contributes to some extent to the 
width of the unfolded peak, as already mentioned in the discussion of the corresponding 
contour plot. 
An analogous analysis of the polyproline 20 data (figure 5.6 h-l) shows an even 
stronger position dependence of the recurrence peak on the initial E range. The recurrence 
peak shifts continuously between 0.4 and 0.7. No discrete subpopulations are resolved (The 
latter should result in an increase and decrease of peaks at distinct positions.) This means that 
polyproline 20 has a rather heterogeneous and slowly interconverting distribution of end-to-
end distances. The absence of interconversion can be demonstrated with histograms for 
different recurrence times (figure 5.6 m, n). The lower transfer efficiency half of the peak 
does not interconvert to the other half within 10 to 20 ms. The slight broadening of the peaks 
can again be explained with the appearance of new molecules, as the fraction of bursts in the 
shoulder is similar to the fraction of acceptor-active molecules detected after the acceptor-
inactive state in this time range. 
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Figure 5.6: Recurrence E histograms with narrow initial E ranges. Plots a-g show the 
dependence of the unfolded peak on the initial E range in a measurement of CspTm in 1.1 M 
GdmCl for bursts detected within 25 ms after a previous burst. The orange dashed lines mark 
the average peak positions of the first and last histogram, showing a slight dependence of the 
peak position on the start E range. Plots h-n show results from a measurement of Polyproline 
20 in 3.5 M GdmCl. The peak position dependence (plots h-l, indicated with orange dashed 
line) is much more pronounced than for Csp. Time-dependent histograms show no 
interconversion between the low and high transfer efficiency halves of the peak for shorter 
than 20 ms (m), as about 10 % new molecules are expected in this time window. This can be 
illustrated by the appearance of a similar fraction of acceptor active molecules after acceptor 
inactive bursts in the same time (n). 
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Fitting transfer efficiency histograms 
By choosing short recurrence times and initial transfer efficiency ranges representing only a 
single subpopulation, as shown in figure 5.2, we can obtain the peak shape and position of the 
respective subpopulation. The shape and position of the peaks should not change, irrespective 
of whether the full histogram or a recurrence histogram is constructed. We can therefore 
improve the fitting of histograms in the following way: First we construct a recurrence 
histogram consisting only of a single subpopulation. Than we fit this subpopulation with 
either a Gaussian or Lognormal distribution. Now we can use the position and the shape of the 
fit results to constrain the fits of histograms which have more than one subpopulation. By 
fitting only the amplitudes, we can accurately fit also histograms which have very little bursts 
or which have subpopulation peaks that strongly overlap or are low populated. 
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5.3 BURST TIME CORRELATIONS 
A second way to analyze the recurrence behavior is correlation analysis. For independent 
bursts, no correlation of bursts is expected. If bursts result from the same molecule, they 
should be correlated. In analogy to photon time correlation functions used in fluorescence 
correlation spectroscopy (FCS), the „burst time‟ correlation function is defined as:  
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[5.1] 
where     tbtbp BA ,,,  denotes the joint probability of measuring two bursts bA and bB at 
times t and t + respectively, and   tbp A ,  and   tbp B ,  are the probability of detecting 
bursts bA and bB, respectively. It is assumed that all three probabilities do not explicitly 
depend on the arbitrary time point t. A and B denote any subsets of bursts, for example 
defined by ranges of transfer efficiencies. As a time range is needed to calculate the 
correlation values,  corresponds to the mean value of the interval [-, +], where the 
size of the window (i.e. 2 ) is the size of the bins used for burst identification (see 
supplement). 
Using burst time correlation analysis has two advantages compared to standard FCS: 
First, the recurrence effect can be monitored directly, as it is not masked by the strong signal 
from the diffusion of the molecules. Second, it is very easy to correlate different subsets of 
molecules with each other, as bursts can be chosen by certain criteria representing the 
different subpopulations, for example. Therefore we can use burst time correlation to 
calculate the probability of two bursts to be emitted by the same molecule and to analyze the 
interconversion between subpopulations. 
Same Molecule Probability 
For a quantitative recurrence analysis it is of elementary interest to determine the probability 
ps () that two photon bursts measured at times t1 and t2 (with t2- t1 =  were emitted by the 
same molecule. We show in the supplement that the „same molecule‟ probability ps () is 
given by:  
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[5.2] 
where g () is the autocorrelation function of all detected bursts. Figure 5.7 shows the g () 
and ps () of the CspTm measurement at 1.1 M GdmCl. For further analyzing the data, it is 
practical to approximate ps () for short lag times  by a quadratic polynomial (see 
figure 5.7 b): 
   2 cbapS   
[5.3] 
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For a given recurrence histogram, we can now determine the relative fraction of bursts 
coming from recurring molecules by calculating ps () for each burst and taking the average 
over all bursts in the histogram. 
Figure 5.7: Same Molecule Probability. (a) The burst time autocorrelation curve of CspTm in 
1.1 M GdmCl exhibits a large amplitude showing a strongly increased probability to detect 
bursts after another burst has been detected shortly before. (b) The correlation g() can be 
transferred to the probability of a burst to be from the same molecule as a burst detected a 
time  before. An empirical fit (black line) to this probability is used for further analysis. See 
text for details. 
Subpopulation-Specific Burst Time Correlation 
A and B in the definition of gAB () can represent burst classes which correspond to different 
subpopulations present in the sample. In subpopulation-specific correlations two processes are 
convoluted: Like the autocorrelation of all bursts, the subpopulation correlations decrease 
with time to unity as the recurrence probability decreases. In addition, cross-correlation 
between subpopulations can reveal interconversion dynamics. 
As an example, subpopulations can be chosen by selecting transfer efficiency ranges, 
as shown in figure 5.8 a for the folded, unfolded and acceptor inactive molecules at high, 
intermediate and close to zero transfer efficiencies, respectively. The subpopulation 
autocorrelations (figure 5.8 b) obtained from these burst subsets have higher amplitudes than 
the autocorrelation function of all bursts. This is expected for subpopulations with a low 
degree of interconversion, as the concentration of each subpopulation of molecules is smaller 
than the total concentration and therefore the probability of a different molecule to appear 
lower. In addition, the decay is very similar for each subpopulation, showing that the 
recurrence behavior is very similar for all of them. Even more interesting are the cross-
correlations. Both cross-correlations from molecules with an inactive acceptor to an active 
one (unfolded or folded) are completely flat (figure 5.8 c). That means that the amount of 
molecules which recover their acceptor fluorescence (e.g. due to blinking) on the recurrence 
timescale is negligible. We can conclude that all burst pairs with an inactive acceptor at first 
and an active one at second must be emitted by two different molecules. The opposite cross-
correlations, i.e. a burst from a folded or unfolded molecule first and from a molecule with 
inactive acceptor second, show small but significant amplitudes (figure 5.8 d). This effect can 
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be explained by bleaching of the acceptor dye before the recurrence of the molecule
VI
. The 
third pair of cross-correlations is between the folded and unfolded state (figure 5.3e), which 
also show small amplitudes for both directions. This might reflect the small folding rate of  
4 s
-1
. 
 
Figure 5.8: Subpopulation-specific burst 
time correlations. Bursts were selected for 
transfer efficiency ranges reflecting the 
unfolded (red lines), folded (green lines) or 
acceptor-inactive (blue lines) 
subpopulations, like shown in the FRET 
histogram (a).  Curve colors in b-e 
correspond to the start burst region. (b) 
Subpopulation-specific autocorrelations 
show high amplitudes reflecting the high 
probability to remain in the same 
subpopulation. (c) No cross-correlations 
from acceptor inactive to active 
subpopulations can be observed, showing 
that blinking processes can be neglected for 
recurrence analysis. The opposite direction 
(d) exhibits significant amplitudes, showing that acceptor photo bleaching is a significant 
process on the recurrence timescale. The cross-correlations between folded and unfolded 
subpopulations show smaller  but still significant amplitudes. Importantly, cross-correlations 
are convolutions of the recurrence probability, which decreases with time, and subpopulation 
interconversion, which increases with time. 
It should be pointed out that by using this rather crude subpopulation selection, it is difficult 
to collect a whole subpopulation without also getting some false positives from neighboring 
subpopulations. In case of shot-noise limited peaks, a molecule being at the edge of the 
distribution during its first detection is very likely to be more around the centre of the peak 
during its second detection. That means that false positives lead to a false cross-correlation 
signal. On the other hand, with a more restricted choice, molecules with a transfer efficiency 
in the chosen range during the first detection might be still in the same subpopulation, but just 
with a transfer efficiency outside the range, thus reducing the autocorrelation amplitude.  
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 A bleaching of the donor dye is undistinguishable from ultimately leaving the confocal volume, except in 
experiments where a second laser is used to directly excite the acceptor . 
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These considerations complicate the quantitative analysis of subpopulation-specific 
burst time correlations, and one has to be careful with the interpretation, as the choice of 
transfer efficiency ranges is crucial. Nevertheless, by choosing more restricted ranges, one 
gets a qualitative picture of which subpopulations interconvert and which do not. It might be 
possible to get quantitative information by looking at the dependence of the correlation signal 
on the transfer efficiency ranges. 
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5.4 FOLDING KINETICS FROM RECURRENCE ANALYSIS 
Recurrence analysis can also be used to obtain kinetic information on the timescale of the 
recurrence. In this chapter, we introduce a method to extract folding relaxation times from 
time dependent recurrence histograms. The main idea is to choose transfer efficiency ranges 
which are selective for one subpopulation, construct histograms for different recurrence times, 
fit the histograms, and extract the fractions of one subpopulation versus time. The following 
procedure is for the simple case of a two-state systems (i.e. only an unfolded and a folded 
state are present), but it can be easily extended for more complicated systems. 
In order to get the correct rates, we have to convert the fractions of bursts from 
unfolded molecules in a recurrence histogram to the fraction of unfolded molecules which 
have recurred. The bursts in a recurrence histogram originate from recurring molecules and 
from different molecules. Hence, the fraction of unfolded bursts
VII
 in a recurrence histogram 
 A
b
RHU Ef ,,   is the sum of the fraction of unfolded bursts from recurring molecules 
 A
b
RU Ef ,,   and different molecules 
b
DUf , , weighted by ps() 
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[5.4] 
The fraction of bursts from unfolded molecules for the different molecules is the same as for 
the full histogram. Hence, for longer times, when ps approaches zero, the fraction of bursts 
from unfolded molecules in the recurrence histogram will approach the value of the full 
histogram. This effect is shown in figure 5.2, plots h-n.  
We also have to consider that the fraction of bursts might be different from the 
fraction of molecules, as the detection efficiency might differ for folded and unfolded 
subpopulations. The fraction of unfolded bursts from different molecules 
b
DUf ,  is 
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where DE is the ratio of the detection efficiencies of unfolded and folded molecules (see 
supplement for derivation), and fU is the fraction of unfolded molecules in the sample. The 
fraction of unfolded bursts from recurring molecules might be also affected by the detection 
efficiency difference. In addition, the recurrence probability might also be different, for 
instance when one subpopulation bleaches with a higher probability than the other. Similar to 
equation 5.5, we can express  A
b
RU Ef ,,   as 
                                                 
VII
 Here, the fraction of unfolded bursts is defined as the area of the unfolded peak divided by the sum of the 
areas of unfolded and folded peaks. 
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where fU,R (,EA) is the fraction of recurring molecules corrected for differences of detection 
efficiency and recurrence probability of folded and unfolded molecules, and ( )RP   is the 
ratio of the recurrence probabilities of unfolded and folded proteins (see supplement for 
derivation). 
The fraction of recurred, unfolded molecules relaxes from the initial value fU,0 to the 
equilibrium fraction fU as described by: 
          eEffEfEf AUUAUARU 0,0,, ,  [5.7] 
Note that the time  used for constructing the recurrence histograms and estimating ps() and 
RP() corresponds to a the mean value of the time interval [ / 2 / 2]. 
For the fit of the unfolded fraction as function of time, only  is unknown. The 
recurrence probabilities are obtained independently as described in chapter 5.3. The initial and 
end fractions of the unfolded state are known from the full transfer efficiency histogram. As 
described at the end of chapter 5.2, the fitting of the recurrence histograms can be improved 
considerably, as the shape and positions of all peaks can be extracted independently and 
constraint for fits of histograms having more than one subpopulation. In total, there are three 
factors influencing the time dependence of recurrence histograms: 
(i) The appearance of new molecules, described by ps(), which can be 
calculated by two independent methods (see chapter 5.3 and next paragraph) 
(ii) Subpopulation interconversion, e.g. folding/unfolding, as described by 
equation 5.7 
(iii) Different recurrence behavior of subpopulations, described by RP(), which 
can also be calculated independently (see supplement) 
Folding Time Examples: CspTm 
As a first example, we apply the method to the single molecule data obtained from Csp in 
1.1 M GdmCl. In ensemble stop-flow measurements, the folding-unfolding relaxation rate 
under this conditions was shown to be 4 s
-1
 (Schuler et al., 2002). Obviously, on the 
recurrence time scale, which is in the range of 10 milliseconds, the number folding and 
unfolding events per protein is negligible. Therefore, this example serves as a negative control 
to see how good the model can compensate for those factors, which will also cause the 
fraction of bursts from unfolded molecules to decay to the equilibrium value. We selected 
three different initial transfer efficiency intervals, which represent the acceptor inactive, the 
unfolded and the folded subpopulations. The recurrence histograms for different values of  
were constructed and fitted. The first histograms for  =1 ms show mostly the corresponding 
initial subpopulations (plots a, e, and i in figure 5.9). At longer , the other subpopulations  
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Figure 5.9: Representative recurrence E histograms of CspTm in 1.1 M GdmCl for different 
recurrence time ranges and subpopulation specific EA ranges (acceptor inactive, unfolded and 
folded in a-c, e-g and i-k, respectively and time ranges indicated at the left of each row, i.e. 
1 ms ± 0.5 ms, 5 ms ± 0.5 ms, and 20 ms ± 0.5 ms). For all three EA ranges, the two other 
populations slightly increase over time. The acceptor-active population in a-c can be directly 
translated into the recurrence probability (d, red discs) and is compared to the recurrence 
probability calculated from the burst autocorrelation (green dashed line), showing the good 
agreement between both methods. The unfolded fractions for recurrence E histograms 
starting from unfolded and folded molecules (red discs in h and l, respectively) were globally 
fitted with the model including both folding of recurred molecules and occurrence of new 
molecules (blue lines). The black dashed lines shows the fit result with the relaxation rate 
constrained to the ensemble value. 
appear, which is expected both from folding and unfolding, and from the occurrence of 
different molecules. The time dependencies of the unfolded fraction obtained from recurrence 
histograms with initial transfer efficiency ranges representing the folded and the unfolded 
populations were fitted globally both without constraints and with the folding-unfolding 
relaxation time set to the value known from the stop-flow measurement (plots h and l in figure 
5.9). Although the initial unfolded fractions are already known from the full transfer 
efficiency histogram, we did not constrain them, as they are fitted very well (0.82 and 0 from 
the fit compared to 0.83 and 0 from the overall histogram for the start E ranges representing 
mostly unfolded and folded molecules, respectively). The free fit gives a folding-unfolding 
relaxation rate of 10
-6
 s
-1
. The fit with the constrained rate looks very similar, showing that the 
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real rate is too slow to be obtained from recurrence analysis. Hence, this example shows that 
our procedure can clearly separate the appearance of different molecules from folding or 
unfolding events. 
An alternative procedure to obtain ps() 
In the absence of interconversion, the example of Csp in 1.1 M GdmCl shows that the present 
decay rates can be solely described by the appearance of different molecules. We know from 
burst time analysis that the subpopulation of molecules without an active acceptor does not 
interconvert to the other subpopulations. Hence, the only effect which decreases the fraction 
of bursts from molecules with an inactive acceptor
VIII
 (AI) over time (  A
b
RHAI Ef ,,  ) is the 
appearance of different molecules. In analogy to equation 5.4 we can write 
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where the fraction of bursts from acceptor inactive molecules from the initial transfer 
efficiency range (  A
b
RAI Ef , ) and from the full histogram (
b
DAIf , ) can be extracted from the 
full histogram. Note that the fraction of bursts from recurring molecules with an inactive 
acceptor is not time dependent. Simple rearrangement of equation 5.8 yields 
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[5.9] 
Thus, we can calculate the time-dependent same molecule probability in a second way 
independent from burst correlation analysis. As shown in figure 5.9 d, both methods agree 
very well. We expect a minor error for this procedure from the fact that the fractions extracted 
from the full histogram are apparently to high, as they contain also bursts from molecules 
which bleached during the detection. This explains why the same molecule probabilities 
obtained with equation 5.9 are lower than the values obtained from burst correlation analysis. 
In addition, the values can be more easily obtained from burst correlation analysis, as no 
fitting is required. However, equation 5.9 can be used for a quick estimation of ps() for 
recurrence histograms or contour plots, as all required values can be easily estimated as well. 
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 Note that unlike for the fraction of unfolded bursts, we define the fraction of bursts from molecules with an 
inactive acceptor as the area of the peak representing these bursts divided by all bursts in the histogram. 
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Folding Time Examples: Spectrin R15 
To show that this method can give reasonable folding-unfolding relaxation times, we 
measured the spectrin R15. R15 is the 15
th
 domain of the chicken brain -spectrin. This 
extensively studied protein folds into a coiled coil and is well described as a two-state folder 
(Scott et al., 2004; Wensley et al., 2010). A variant of R15 labeled with Alexa 488 and 
Alexa 594 at positions 39 and 99 was measured in 1.1 M GdmCl. Ensemble measurements 
showed that the relaxation rate is about 30 s
-1 
under these conditions, and is therefore in a time 
range appropriate for recurrence analysis. Figure 5.10 shows a selection of time dependent 
recurrence E histograms starting from folded, unfolded, and acceptor inactive molecules. 
Figure 5.10: Kinetic Analysis of R15 in 1 M GdmCl analogous to figure 5.9. Starting from 
mostly unfolded molecules, the appearance of folded molecules and vice versa is faster than 
expected from the appearance from different molecules (d-i), showing the contribution from 
recurred molecules which change their conformation. The control of molecules with inactive 
acceptor confirms the slower appearance of different molecules (a-c). The globally fitted 
relaxation time (j,k) reveals a rate of 58 s
-1
, which is in good agreement with the ensemble 
value of 30 s
-1
. The curve in the absence of a relaxation rate (i.e. appearance of different 
molecules only) is shown as a dashed line. 
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The histograms at =1 ms exhibit mostly the subpopulations corresponding to the initial 
transfer efficiency range. The recurrence histograms with EA corresponding to molecules 
with inactive acceptor (figure 5.10 a-c) show no significant appearance of acceptor active 
molecules as expected from burst time correlation analysis which shows that more than 94% 
of the secondary bursts originate from the recurring molecules after 6±1 ms. For the 
recurrence histograms starting from unfolded (figure 5.10 d-f) and folded (figure 5.10 g-i) 
molecules, there are significant fractions of other subpopulations appearing over time. For 
longer times, the amount of detected molecules per time reduces, resulting in worse quality of 
the histograms. However, the only free parameters for the histogram fits are the amplitudes of 
the three subpopulations, allowing reasonable fitting of histograms with only a few hundreds 
of bursts. The unfolded fractions were fitted with a relaxation rate of 58 s
-1
 and a final 
unfolded fraction of 0.27 and agree well with the ensemble values of 30 s
-1
 and 0.32, 
respectively (plots j and k in figure 5.10). 
Folding Time Examples: B Domain of Protein A 
As a third example, the B domain of protein A (BdpA) from Staphylococcus aureus was 
measured in 2.5 M GdmCl at 37°C. BdpA belongs to the group of fast folding proteins and 
adopts a three helix bundle fold (Myers and Oas, 2001; Dimitriadis et al., 2004). The variant 
used has a number of mutations which facilitate characterization (F13W), speed up folding 
(G29A), and allow the specific incorporation of fluorescence dyes (Y14C P57C). The folding 
relaxation time is around 3 ms
-1
 at the conditions measured (Clark, 2008). As the protein is 
expected to fold already during its diffusion time, the photon rate was increased by using 
higher laser powers (300 W) and the binning time was decreased to 50 s. Although this 
small bin sizes increases the shot noise broadening, the quality of the fits is not significantly 
reduced, as the position and width of all subpopulations can be determined in the absence of 
other subpopulations and were fixed for fitting the time dependent recurrence histograms. 
Figure 5.11 shows the results of the recurrence analysis. Within 50 s, the proteins do 
only marginally interconvert to other subpopulations, thus it is possible to determine the 
shapes of the corresponding peaks (plots a,d,g). After 500 s, a significant fraction of folded 
molecules has unfolded (plot h), whereas a smaller amount of the unfolded proteins has folded 
(plot e). After 5 ms, more than half of the folded molecules have unfolded (plot i), but still the 
fraction of molecules remaining unfolded starting from a nearly purely unfolded subset is still 
higher. This indicates that the system is still not at equilibrium. The appearance of different 
molecules is still relatively unlikely at this time, as only a very low fraction of acceptor active 
molecules is observed in the recurrence histograms starting from acceptor inactive molecules 
(plots a-c). Plot j shows again the good agreement between the two methods introduced to 
obtain the same-molecule probability. Plot k summarizes the folding relaxation of both folded 
and unfolded molecules. In this case, both traces were fitted independently for the following 
reasons: BdpA has three prolines and we therefore only observe the folding of the protein 
fraction where all prolines are in the trans (i.e. folding competent) conformation. The 
unfolding reaction is not affected by the proline isomerization state and we consequently get 
the final equilibrium fraction only for the unfolding reaction, but not for the folding reaction. 
The rates for folding and unfolding differ slightly as well. We assume that this is caused by an 
increased acceptor bleaching rate for the unfolded molecules compared to the folded 
molecules. This effect is more prominent in this measurement as a higher laser intensity was 
used. Consequently, the relaxation rate will be apparently higher for the folding reaction and 
V. Recurrence Analysis of Single Particles 115 
 
apparently lower for the unfolding reaction compared to the real rate. The rates were fitted 
with 2 ms
-1
 for starting from unfolded molecules and 0.8 ms
-1
 starting from folded molecules, 
which are in good agreement with the results from temperature jump measurements, revealing 
a relaxation rate of 3 ms
-1
 (Clark, 2008). 
Figure 5.11: Kinetic Analysis of BdpA in 3.5 M GdmCl at 37 °C analogous to figure 5.9. 
Figures a-c show the appearance of acceptor-active molecules from acceptor-inactive 
molecules as a complementary method to estimate same molecule probability. Times shown 
in histograms titles are the recurrence time intervals (50 ms ±25 ms, 500 ms ± 25 ms, and 
5 ms ± 25 ms). Figure j shows the very good agreement between the histogram-based 
approach (red circles) and the correlation approach (green dashed line, see text for details). 
Figures d-f and g-i show recurrence histograms for initial E ranges with mostly unfolded or 
folded fractions, respectively. The resulting unfolded fractions as function of recurrence time 
are shown in figure k, showing folding relaxation on the millisecond timescale. Because 
BdpA has a second folding rate due to proline isomerization, the fractions after 3 ms are not 
the same.  
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5.5 DISCUSSION 
For the analysis of single molecule FRET experiments of freely diffusing molecules, an 
important step is to identify bursts, i.e. the bursts of photons which correspond to molecules 
traversing the confocal volume. To our knowledge, all methods to analyze bursts have treated 
them as independent events. In contrast, the models used in fluorescence correlation 
spectroscopy (FCS) include the recurrence of molecules to describe molecular diffusion 
(Zander et al., 2002 p. 69 ff.). The recurrence effect is also apparent from the photon 
trajectory of single molecule experiments. A possibility to use this information would be to 
just add the photons from all bursts originating from the same single molecule, which would 
result in a decrease of the peak width caused by shot noise in transfer efficiency histograms. 
The same effect could be achieved by simply increasing the photon rates with higher laser 
power. Here, we do not add the bursts, but compare their properties (i.e. their transfer 
efficiencies), which has three advantages. Firstly, we keep the temporal information, which 
can be used to analyze kinetic processes. Secondly, we can include the probabilities that two 
bursts detected within a certain time range belong to the same or two different molecules very 
easily. Thirdly, we can differentiate between different processes causing the broadening of 
transfer efficiency peaks, i.e. shot noise from other, intrinsic factors. 
The potential of recurrence analysis has been exemplified with several measurements. 
The recurrence transfer efficiency histograms for short times show that we can extract the 
peaks of single subpopulations with their position and shot noise width as in the full 
histogram (figures 5.2 and 5.9-11). This single subpopulation peaks can in principle be used 
to fit the full histogram by simply adjusting the amplitudes. Alternatively (and as done in the 
kinetic analysis in chapter 5.3), we can fit the subpopulation peaks with model distributions 
(i.e. a Gaussian or a lognormal peak) and use the results to constrain the peak shapes and 
positions for fits where more than one subpopulation is present. 
By comparing the recurrence peaks with the full histogram, we can also identify 
heterogeneities within the subpopulations as shown for the unfolded peak of CspTm or 
polyproline 20 in figure 5.6. For CspTm, it was shown that the peak width of the unfolded 
subpopulation is broader than expected from shot-noise broadening only and that the bursts 
from different parts of the peak have slightly different donor lifetimes, suggesting that they 
represent subsets of unfolded molecules with slightly different mean transfer efficiencies 
(Merchant et al., 2007). With recurrence analysis, a small but significant heterogeneity of the 
unfolded state of Csp can be directly demonstrated. The contour plot (figure 5.3) reveals an 
elliptical peak, and the position of the unfolded peak in the recurrence histogram depends on 
the initial transfer efficiency range (figure 5.6), which cannot be explained by shot noise. 
As a well-studied example for heterogeneity, polyproline 20 was measured and 
analyzed. Polyproline has been used as a spectroscopic ruler for FRET (Stryer and Haugland, 
1967; Schuler et al., 2005) and its heterogeneous distance distribution has been analyzed both 
experimentally and by MD simulation (Watkins et al., 2006; Doose et al., 2007; Best et al., 
2007). The recurrence analysis of polyproline 20 allows visualizing the structural origin of the 
peak broadening without any introduction of models or additional measurements. Figure 5.6 
(h-l) reveals that the position of the recurrence peak depends strongly on the choice of the 
initial transfer efficiency region as expected for a static distance distribution. Although the 
standard transfer efficiency histogram can be fitted with two Gaussian functions, the 
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recurrence histograms clearly reveal a much more heterogeneous origin of the peak. The 
similarity between the peak widths in the recurrence histograms for times within 1 ms (figure 
5.6 m) and between 10 and 20 ms (figure 5.6 n) shows that the interconversion between the 
different species within the peak is expected to be slower than tens of milliseconds. 
As a third example, Csp is measured in the presence of viscogens, i.e. 40% (w/v) 
ethylene glycol. Studying the effect of viscogens on the folding and stability of proteins is of 
fundamental interest, as the presence of viscogens can mimic important aspects of the 
protein‟s environment inside the cell (Rösgen et al., 2005). An interesting effect of ethylene 
glycol on Csp can be seen in figure 5.5. Next to the pronounced unfolded peak, a second 
subpopulation appears with transfer efficiencies higher than the main unfolded peak, but 
lower than the expected folded subpopulation. Its distorted shape suggests that this second 
subspecies has not only one single, shot noise broadened transfer efficiency, and a comparison 
for different recurrence times reveals that it interconverts with the main unfolded peak on the 
order of milliseconds. These findings identify a third subpopulation in Csp, a classical 
example of a two-state folder so far. However, to exclude a photophysical origin of the 
additional population, additional investigations are important. 
Recurrence analysis can also be used to obtain kinetic information. Depending on the 
measurement conditions, the recurrence time window (i.e. the time after an initial burst where 
the amount of bursts originating from recurring molecules is sufficient to calculate accurate 
subpopulation fractions) can be on the order of 20 to 50 ms. By constructing recurrence 
histograms or contour plots for different , it can be tested whether subpopulations 
interconvert on the recurrence time scale or not. Although still restricted to a narrow time 
window, numerous interesting dynamical processes can be monitored. 
From a more technical point of view, an important example for dynamical processes 
are photo-physical effects of the fluorescence dyes, which can directly infer with the 
measurement and its analysis. Photo bleaching of dyes limits both the length of measurements 
with immobilized samples as well as the upper limit of laser intensities and therefore photon 
rates in diffusion experiments. A detailed understanding of photo-bleaching is therefore of 
interest, especially to develop strategies to improve the photo stabilities of the dyes for 
example by using buffer additives to remove oxygen (Rasnik et al., 2006; Vogelsang et al., 
2008) or to quench the triplet states of the dyes (Widengren et al., 2007). Recurrence analysis 
offers a simple approach to test the effects of such additives by monitoring the bleaching 
behavior in diffusion experiments. The other photo-physical effect that is especially 
prominent in single molecule experiments with immobilized samples is photo-blinking, i.e. 
the recovery of photo emission capability of a dye after a short time where it is unable to emit. 
In the standard analysis of diffusion experiments, blinking is difficult to identify, as the time 
windows are too short. Burst time correlation can directly show that blinking is not relevant 
on the recurrence time scale, as there is no significant cross-correlation signal between 
acceptor-inactive and acceptor-active states both for Csp in 1.1 M GdmCl (figure 5.8 c) and in 
all other samples analyzed. 
More interesting than photophysical effects are dynamical structural processes of the 
sample molecules. Protein folding is the most prominent example, and analyses of spectrin 
R15 and BdpA were shown to give reasonable folding relaxation times. As the signal used 
can be directly transferred to the fraction of unfolded molecules, the fit directly reveals 
whether a single relaxation rate is sufficient to obtain the same final equilibrium fraction 
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starting from folded or unfolded molecules (as for spectrin, figure 5.10), or whether an 
additional phase is needed (as for BdpA, figure 5.11). The determination of sub-milliseconds 
relaxation times is not possible with conventional stopped flow instruments, therefore the 
presented analysis offers a new complimentary approach besides techniques such as laser 
temperature jump (Dimitriadis et al., 2004) or NMR lineshape analysis (Myers and Oas, 
2001). Next to protein folding, dynamical processes within subpopulations can be studied as 
well, as shown for Csp in 40% (w/v) ethylene glycol. 
The methods introduced to obtain kinetic processes and to distinguish between 
different origins for peak broadening are not restricted to the comparison of different bursts 
from the same molecule. The methods can also be applied to different parts of a burst, but the 
time range and the amount of photons will be reduced. Notably, although in the presented 
examples only the transfer efficiency has been used, the method can be extended to any 
parameter which can be obtained from a burst, such as burst size, lifetimes, or anisotropies. 
Time dependent changes of these parameters might allow additional insights into the system. 
A convenient feature of recurrence analysis is that the additional information is 
available in any state in most single molecule diffusion experiment setups. No adjustments 
have to be made for the instrument, no more information is needed about the system, and no 
models have to be assumed. That also means that the analysis can be applied also to 
measurements already taken to obtain new information about them. In case a better 
subpopulation separation is required, the measurement can be extended, as done for the 
measurements presented. As the usable recurrence time range is coupled to the same-molecule 
probability, the concentration of the sample can be decreased for extending the recurrence 
time window.  
Taken together, recurrence analysis was shown to have the potential to significantly 
improve the analysis of single molecule measurements, to extend the amount of information 
that can be extracted, and with that to give new interesting insights into biochemical processes 
on the single molecule level. 
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5.6 MATERIAL AND METHODS 
Purification and labelling of CspTm (labelled at positions 2 and 67, chapter II), R15 (Scott et 
al., 2004), and BdpA (Clark, 2008) were performed as described previously. All experiments 
were performed in buffer containing 0.001% Tween 20 to prevent surface adhesion of the 
polypeptides, and 20 mM cysteamine, and 150 mM -mercaptoethanol to reduce photo 
damage. Additional buffer conditions are listed in table 5.1. Protein concentrations are in the 
range between 5 and 25 pM and were adjusted to obtain appropriate burst rates (see table 5.1). 
 
 Csp Polyproline Csp R15 BdpA 
buffer 
1.1 M GdmCl, 
50 mM NaP, 
pH 7 
3.5 M GdmCl, 
50 mM NaP, 
pH 7 
3.5 M GdmCl, 
50% EG, 
50 mM NaP, 
pH 7 
1.1 M GdmCl, 
50 mM NaP, 
pH 7 
2.5 M GdmCl, 
20 mM NaAc, 
100 mM NaCl, 
pH 5, 37°C
IX
 
laser power (W)  100  100 100 100 300 
1
st
 min. number  25  50 60 25 80 
2
nd
 min. number  25  20 20 20 15 
bin size (ms)  1  1 0.5 1 0.05 
bursts per s  1  2 2 2 8 
measurement time (h) 20  15 8 14 14 
Table 5.1: Measurement conditions and analysis parameters. „1st min number‟ refers to the 
first burst identification step, „2nd min number‟ and the bin size to the second step (see 
supplement for details). Bursts per second were calculated after the first burst identification 
step. Temperature was 22° C is not noted otherwise. 
The single-molecule fluorescence experiments were performed with a MicroTime 200 
confocal microscope (PicoQuant, Berlin, Germany) equipped with a 488 nm diode laser 
(Sapphire 488-100 CDRH, Coherent, Santa Clara, CA) and an Olympus UplanApo 
60x/1.20W objective. After passing through a 100 μm pinhole, sample fluorescence was 
separated into donor and acceptor components using a dichroic mirror (585DCXR, Chroma, 
Rockingham, VT). After passing two filters (Chroma ET525/50M, HQ650/100), each 
component was focused onto avalanche photodiodes (SPCM-AQR-15, PerkinElmer 
Optoelectronics, Vaudreuil, QC, Canada), and the arrival time of every detected photon was 
recorded using time resolved counting electronics (Hydra Harp, PicoQuant, Berlin, Germany). 
Measurements were performed with laser powers as indicated in table 5.1. 
The burst detection was performed in two steps. First, photons were combined into 
one burst which were detected in either channel and separated by less than 100 μs. A burst 
was retained as a significant event if the total number of counts exceeded values between 25 
and 80, depending o the measurement (see table 5.1, „1st min number‟). In a second step, all 
photons not belonging to bursts were discarded. The trajectory of the remaining photons were 
binned in different sizes between 50 ms and 1 ms (see table 5.1, „bin size‟) and bins with 
                                                 
IX
 Temperature was adjusted and calibrated as described previously (Nettels et al., 2009). 
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more than 15 to 25 photons (see table 5.1 „2nd min number‟) were retained for further 
analysis. Identified bursts were corrected for background, differences in quantum yields of 
donor and acceptor, the different collection efficiencies in the detection channels, cross-talk, 
and direct acceptor excitation as described previously (Schuler, 2006). 
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5.7 SUPPLEMENT 
Optimized Burst Detection Algorithms for RASP 
As a standard approach to obtain bursts from a single molecule trajectory, photons are first 
grouped into bursts where adjacent photons are separated by less than a certain time (e.g. 
100 s). As a second criterion, bursts are rejected which have less photons than a certain 
threshold (e.g. 50 photons). An alternative burst identification approach is to bin the trajectory 
(e.g. with 1 ms bin size), retain bins of certain sizes, combine adjacent retained bins into 
bursts, and retain bursts of certain size.  
Both approaches have advantages and disadvantages when performing RASP. The 
binning approach detects the beginning and ending of bursts less accurate, but it can simplify 
and improve certain aspects of RASP. For that, we use a slightly modified version of the 
binning approach: Instead of combing adjacent bins, we analyze them separately. That means 
that we are no longer differentiating whether two bins belong to the same burst (e.g. the 
molecule was continuously in the confocal volume between the bins), or to two different 
bursts (e.g. the molecule left the confocal volume and recurred). We found that when plotting 
the resulting burst correlations (which actually is a “bin time correlation”) in a double 
logarithmic way (e.g. in figure 5.7), we get perfectly linear relationship for the first few 
milliseconds, which include bins belonging to the same burst and to bursts from recurred 
molecules. This illustrates also one of the advantages of using this modified binning 
approach: The analysis of burst time correlations is much easier, as other approaches, for 
instance the interphoton time based one,  result in “anti-bunching” behavior. I.e. we get a 
lower correlation amplitude for times on the time scale of the burst duration, simply because a 
recurred molecule can only be detected after it has left the confocal volume. The second 
advantage of the adjusted binning approach is that the bin size can be reduced to get a higher 
temporal resolution, like it was done for the analysis of the BdpA data. 
To benefit from both approaches, we use a two step bursts analysis. First, we identify 
bursts after the interphoton time criterion (with 100 s and 1st min. number in table 5.1) and 
discard all photons not belonging to a burst, i.e. the background photons. In the second step 
we use the binning approach on the remaining photons (with bin size and 2
nd
 min. number as 
in table 5.1). 
Cross-peaks from conformational transitions have the same amount of bursts 
In a recurrence contour plot which exhibits dynamic changes between two conformations, 
four peaks will appear. One for the molecules of each subpopulation (i.e. state A and B) 
which have not changed between the two time points, and two peaks for molecules which 
either interconverted from state A to B or vice versa. The relative fraction of state A (fA) at 
time points t1 (initial detection) and t2 (second detection) can be written as: 
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[5.11] 
where [Xn] is the concentration of state X (either A or B) at time point n (either 1 or 2) and 
[X1Y2] is the concentration of molecules which have been in state X at time 1 and Y at time 2. 
As the samples are measured under equilibrium conditions, the fraction of one state is 
constant in time, i.e. 1 2( ) ( )A Af t f t . As the denominator is the same in both cases, it follows 
that the size of the crosspeaks is identical, i.e. [A1B2] is equal to [B1A2], independent of the 
fraction fA. 
Derivation of Same Molecule Probability 
The probability that two molecules (i and j) measured at time t and t+ are identical (“the 
same”, i.e. i=j) can be written as: 
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(using temporal independence of molecules) [5.12f] 
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N is the total number of molecules in the sample. 
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Detection efficiency ratio 
The detection efficiency DEX of one subpopulation X we define as 
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[5.14] 
Here [X] is the concentration and nX,D is the rate with which bursts are emitted from molecules 
of subpopulation X. We can then define the detection efficiency ratio as: 
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Equations 5.14 and 5.15 result in 
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which is equivalent to equation 5.5, with the fraction of unfolded molecules in the sample fU 
and detected 
b
DUf , . 
Recurrence probability ratio 
For a quantitative description of conformational changes within the recurrence time we have 
to consider that the recurrence probabilities for the subpopulations might be different. 
Possible reasons are differences in diffusion times or bleaching probabilities. In case that the 
recurrence probabilities for all subpopulations are the same, their fractions in recurrence 
histograms constructed for the whole transfer efficiency range  b RHUf ,  should be the same 
for all recurrence times  as well. 
 
Analogous to the detection efficiency, we define the recurrence probability of subpopulation 
X, )(XRP as  
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[5.17] 
Here nX () is the rate with which recurred bursts are detected from molecules of 
subpopulation X at time  after they were initially detected. For simplicity reasons, this 
parameter therefore includes both the correction for the probability to be detected after being 
detected before (i.e. recurrence probability) and the probability to be detected the first time 
compared to the occurrence in the sample (i.e. detection efficiency). 
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Accordingly, the recurrence probability ratio is the ratio between the recurrence 
probabilities of folded (F) and unfolded (U) subpopulations: 
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Equations 5.17 and 5.18 result in 
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[5.19] 
with the fractions of unfolded molecules in detected in the recurrence histograms  b RHUf ,  
and in the sample fU. 
We can obtain RP as a function of  by first constructing time dependent recurrence 
histograms starting from all transfer efficiencies, fitting the histograms, and calculating the 
fraction of unfolded molecules. These steps are identical to the procedure to produce fractions 
of unfolded molecules for restricted transfer efficiencies as done in chapter 5.4. We can fit RP 
versus  by an empirical function and use this function in equation 5.6. 
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6.1 ABBREVIATIONS AND SYMBOLS 
 
a contact distance 
Å Ångström (0.1 nm) 
APD avalanche photodiode 
ATP adenosine triphosphate 
BdpA B domain of protein A 
bX burst with characteristic X 
C∞ characteristic ratio in limit  
n → ∞ 
CD circular dichroism 
cF concentration of folded 
subpopulation 
Cn characteristic ratio 
Csp cold shock protein 
CspBc cold shock protein from  
Bacillus caldolyticus 
CspBs cold shock protein from  
Bacillus subtilis 
CspTm cold shock protein from 
Thermotoga maritima 
cU concentration of unfolded 
subpopulation 
D diffusion coefficient 
Da Dalton 
DE detection efficiency ratio 
DLS dynamic light scattering 
DNA desoxyribo nucleic acid 
E transfer efficiency 
E0 potential free energy height 
EG ethylene glycol 
f 
x
U,D fraction of unfolded molecules 
for different molecules, not 
corrected for different detection 
efficiency 
f 
x
U,R fraction of unfolded molecules 
for recurred molecules, not 
corrected for different 
recurrence probability 
f 
x
U,RH fraction of unfolded molecules, 
not corrected for different 
recurrence probability or 
detection efficiency 
fAI fraction of molecules with 
inactive acceptor 
FCS fluorescence correlation 
spectroscopy 
ff. following pages 
FRET Förster resonance energy 
transfer 
fU fraction of unfolded molecules 
fU,0 initial fraction of unfolded 
molecules 
fU,D fraction of unfolded molecules 
for different molecules 
fU,RH fraction of unfolded molecules 
for recurred molecules 
gAB crosscorrelation function 
between event A and B 
GdmCl guanidinium chloride 
IP intensity of parallel polarized 
light 
IS intensity of perpendicular 
polarized light 
J overlap integral 
k contact formation rate 
kA’ radiative acceptor decay rate 
kB Boltzmann constant 
kD donor decay rate 
kD’ radiative donor decay rate 
kf radiative fluorescence decay rate 
knA non-radiative acceptor decay 
rate 
knD non-radiative donor decay rate 
knf non-radiative fluorescence decay 
rate 
l contour length 
lp persistence length 
M molar 
MFD multi-parameter fluorescence 
detection 
n refractive index 
n number of monomers 
NA Avogadro‟s number 
NaAc sodium acetate 
NaP sodium phosphate 
nC total number of contacts 
nm nanometer 
NMR nuclear magnetic resonance 
ns nanosecond 
p. page 
PEG400 polyethylene glycol with 400 Da 
pp. pages 
ps picoseconds 
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pS „same molecule‟ probability 
Q quantum yield 
Q number of native contacts 
QA quantum yield of acceptor dye 
QD quantum yield of donor dye 
r fluorescence anisotropy 
R inter-dye distance 
R ideal gas constant 
r0 fundamental anisotropy 
R0 Förster distance 
r∞ residual anisotropy 
RASP recurrence analysis of single 
particles 
RCM route correction matrix 
RG radius of gyration 
RP recurrence probability ratio 
RPX recurrence probability of 
subpopulation X 
SAXS small angle X-ray scattering 
SRCD synchrotron radiation circular 
dichroism 
T temperature 
t time 
Trp Tryptophan 
v exponential scaling factor 
G free energy difference 
 transfer efficiency of initial burst 
 transfer efficiency of second 
burst 
 dynamic viscosity 
2 orientation factor 
s microsecond 
 internal friction 
 fluorescence lifetime 
 time between two bursts 
D lifetime of donor dye in absence 
of acceptor dye 
DA lifetime of donor dye in presence 
of acceptor dye 
eff decay rate of dye rotation 
M decay rate of molecule rotation 
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